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ABSTRACT
I t  h a s  "been f o u n d  t h a t  h a l l - m i l l i n g  p r o d u c e s  l a t t i c e  
s t r a i n s  a n d  a  d e c r e a s e  o f  c r y s t a l l i t e  s i z e  i n  r e f r a c t o r y  
a n d  o t h e r  r e l a t e d  o x i d e s .  T h e se  s t r a i n s  h a v e  h e e n  m e a s u r e d  
h y  t h e  X - r a y  l i n e  b r o a d e n i n g  m e th o d s  f r e q u e n t l y  a p p l i e d  t o  
m e t a l s .
S t r a i n  v a l u e s  w e re  d i f f e r e n t  f o r  d i f f e r e n t  
d i r e c t i o n s ,  a n d  w e re  r e l a t e d  t o  t h e  a n i s o t r o p y  i n  e l a s t i c  
p r o p e r t i e s .  The mean i n d u c e d  s t r a i n  v a l u e s  w e r e  r e l a t e d  
t o  t h e  h e a t  o f  f o r m a t i o n ,  l a t t i c e  e n e r g y ,  a n d  h a r d n e s s  o f  
t h e  o x i d e s .  S t r a i n  was  a l s o  f o u n d  t o  e f f e c t  t h e  r a d i a t i o n  
c o l o u r i n g .  The m a g n i t u d e s  o f  t h e  i n d u c e d  s t r a i n s  w e re  
o f t e n  g r e a t e r  t h a n  t h o s e  i n d u c e d  i n  m e t a l s  h y  f i l i n g .  The 
maximum s t o r e d  e n e r g y  v a l u e s ,  s e v e r a l  c a l o r i e s  p e r  g r a m ,  
w e re  up  t o  o n e  h u n d r e d  t i m e s  g r e a t e r  t h a n  t h o s e  o b t a i n e d  
i n  c o l d - w o r k e d  m e t a l s ,  a n d  a n  o r d e r  o f  m a g n i t u d e  g r e a t e r  
t h a n  t h e  s u r f a c e  e n e r g y  o f  t h e  c r y s t a l l i t e s .
The s t r a i n  r e l i e f  c h a r a c t e r i s t i c s  f o r  cadmium o x i d e ,  
t h o r i a ,  m a g n e s i a ,  a n d  a l u m i n a  w e r e  d e t e r m i n e d .  I n  a l l  c a s e s  
t h e  s t r a i n  r e l i e f  was  u n i f o r m  d u r i n g  t h e  g r e a t e r  p a r t  o f  
t h e  s t r a i n  r e l i e f  p r o c e s s .
S t r a i n e d  o x i d e s  p r o d u c e d  a  c a k i n g  e f f e c t  on a n n e a l i n g  
w h i c h  was  n o t  o b s e r v e d  w i t h  u n s t r a i n e d  o x i d e s .  U s e * o f  t h e  
e x c e s s  f r e e  e n e r g y  o f  a  s t r a i n e d  c r y s t a l l i n e  m a t e r i a l  i n  
p r o d u c i n g  a c t i v a t e d  r e a c t i o n s  w as  d e m o n s t r a t e d  f o r  t h e
3s i n t e r i n g  o f  a l u m i n a .  The c r u s h i n g  s t r e n g t h s  o f  s i n t e r e d  
a l u m i n a  v/ere f o u n d  t o  h e  r e l a t e d  t o  t h e  d e g r e e  o f  p r i o r  
s t o r e d  s t r a i n  e n e r g y  i n  t h i s  o x i d e .  <
V a r i a t i o n s  o f  s t o r e d  s t r a i n  w i t h  c r y s t a l l i t e  s i z e  
w e r e  o b s e r v e d ,  a n d  t h e  e f f e c t  o f  t h e  d e n s i t y  o f  t h e  g r i n d i n g  
p e s t l e s  on t h e  s t o r e d  s t r a i n  v a l u e s  f o r  a l u m i n a  was 
i n v e s t i g a t e d .  C l o s e  c o r r e s p o n d e n c e  was f o u n d  b e t w e e n  
c r y s t a l l i t e ' ,  p a r t i c l e  a n d  s u r f a c e  a r e a  s i z e  v a l u e s .
The d e f o r m a t i o n  b e h a v i o u r  o f  s u b - m i c r o n  a n d  m a c r o s c o p i c  
s i n g l e  c r y s t a l s  i s  shown t o  b e  d i f f e r e n t ,  i n  a g r e e m e n t  
w i t h  m i c r o s c a l e  d e f o r m a t i o n  r e s u l t s  f o r  b r i t t l e  m a t e r i a l s  
o b t a i n e d  b y  o t h e r  w o r k e r s .
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8I n t r o d u c t i o n
The c o l d - w o r k e d  s t a t e  o f  m e t a l s  h a s  a t t r a c t e d  t h e
a t t e n t i o n  o f  many w o r k e r s .  Some h a v e  m e a s u r e d  t h e  e x c e s s
f r e e  e n e r g y  i n t r o d u c e d  "by c o l d - w o r k  d i r e c t l y  a s  t h e  e . m . f .  j
o f  an e l e c t r o l y t i c  c e l l ^ ,  w h i l s t  o t h e r s ^  h a v e  u s e d  r a t h e r  |
(3 )i n s e n s i t i v e  c a l o r i m e t r i c  m e t h o d s .  D i f f e r e n t i a l  c a l o r i m e t r y  
h a s  h a d  more s u c c e s s  i n  m e a s u r i n g  t h e  e x c e s s  h e a t  c o n t e n t  a n d  
i n  e l u c i d a t i n g  t h e  n a t u r e  o f  t h e  c o l d - w o r k e d  s t a t e .
M i c r o s c o p i c  o b s e r v a t i o n s  o f  d e f e c t s  i n  m a c r o s c o p i c  c r y s t a l s ,  
h a v e  y i e l d e d  much u s e f u l  i n f o r m a t i o n ,  w h i l s t  d i e l e c t r i c  l o s s  
m e a s u r e m e n t s  on n o n  c o n d u c t o r s  a n d  e l e c t r i c a l  r e s i s t a n c e  ij
m e a s u r e m e n t s  on m e t a l s  h a v e  "been made^^"^ • One e x p e r i m e n t a l  jj
a p p r o a c h  w h ic h  h a s  e m e rg e d  s i n c e  t h e  l a t e  1 9 4 0 Ts i s  t h e  jj
i n v e s t i g a t i o n  o f  t h e  c h a n g e s  p r o d u c e d  i n  X ~ ray  d i f f r a c t i o n  :
p r o f i l e s  a s  a r e s u l t  o f  c o l d - w o r k .
T h e s e  c h a n g e s  i n  X - r a y  d i f f r a c t i o n  p r o f i l e s  h a v e  b e e n  j
a n a l y s e d  b y  two d i f f e r e n t  m e t h o d s ,  b o t h  o f  w h i c h  h a v e  a s s u m e d
t h a t  c o l d —w ork  p r o d u c e s  l o c k e d  i n  l a t t i c e  s t r a i n s ,  a n d
a l s o  a d e c r e a s e  i n  t h e  d i f f r a c t i n g  d o m a in  s i z e ,  o r  c r y s t a l
s i z e .  E a c h  t h e o r y  h a s  a t t e m p t e d  t o  a s s e s s  t h e  m a g n i t u d e
o f  t h e s e  two e f f e c t s .  The f i r s t  o f  t h e s e  two m e t h o d s  o f
( 5 )
a n a l y s i s  i s  t h a t  due t o  H a l l  a n d  W i l l i a m s o n w  , w h i c h  - _
' u t i l i s e s  v a r i a t i o n s  i n  t h e  p r o f i l e  i n t e g r a l  b r e a d t h s .  The 
a l t e r n a t i v e  m e th o d  o f  W a r re n  a n d  A v e r b a c h /  ^ , i s  b a s e d  on 
a n  i n t e r p r e t a t i o n  o f  t h e  p r o f i l e  s h a p e  i n  t e r m s  o f  a  
F o u r i e r  s e r i e s .
T h i s  l a t t e r  m e th o d  o f  a n a l y s i s  h a s  h e e n  e x t e n d e d  h y  
o t h e r s *  n o t a h l y  h y  P a t t e r s o n ^ " ^  a n d  W a r r e n ^ ^ ,  t o  d e t e c t  t h e  
p r e s e n c e  o f  s t a c k i n g  f a u l t s .
The s t u d y  o f  t h e  n o n - m e t a l l i c  c o l d - w o r k e d  s t a t e ,  i n
c o m p a r i s o n ,  h a s  r e c e i v e d  l i t t l e  a t t e n t i o n .  Much w ork  h a s  h e e n
done  on t h e  d e f o r m a t i o n  o f  m a c r o s c o p i c  s i n g l e  c r y s t a l s ,  h u t
l i t t l e  r e s e a r c h  h a s  h e e n  a t t e m p t e d  on e i t h e r  m i c r o s c o p i c
s i n g l e  c r y s t a l s  i n  pow der  f o r m ,  o r  p o l y c r y s t a l l i n e  n o n -
m e t a l l i c  m a t e r i a l s .  I n d e e d ,  t h e  number  o f  p u b l i s h e d  r i g o r o u s
X - r a y  l i n e  b r o a d e n i n g  s t u d i e s  o f  s t r a i n e d  n o n - m e t a l l i c
m a t e r i a l s ,  w h e re  t h e  c o l d - w o r k e d  s t a t e  h a s  b e e n  p r o d u c e d  h y
m e c h a n i c a l  d e f o r m a t i o n  s u c h  a s  f i l i n g  o r  g r i n d i n g ,  i s
l i m i t e d  t o  t h r e e .  Of t h e s e ,  two h a v e  h e e n  c o n c e r n e d  w i t h
t h e  p l a s t i c  d e f o r m a t i o n  o f  p o l y c r y s t a l l i n e  m a r b l e 9 9
w h i l s t  t h e  o t h e r  i n v e s t i g a t i o n  h a s  c o n c e r n e d  t h e  h a l l —m i l l i n g
( * 1 )o f  a l k a l i - h a l i d e s v * , an d  t h e  r e s u l t i n g  i n d u c e d  s t r a i n s .
A- f e w i n v e s t i g a t i o n s  h a v e  h e e n  r e p o r t e d  w h e re  s t r a i n s ,  a s
m e a s u r e d  h y  l i n e  b r o a d e n i n g  m e t h o d s ,  a r e  p r o d u c e d  h y  n e u t r o n
( a o \ f 1 3 ^i r r a d i a t i o n ^  ' .  Some i n v e s t i g a t o r s  '  h a v e  r e p o r t e d  s m a l l
s t r a i n  e f f e c t s  i n  n o n - m e t a l l i c  m a t e r i a l s  r e s u l t i n g  a s  s i d e
e f f e c t s  i n  c a l c i n a t i o n  p r o c e s s e s  t o  p r o d u c e  a c t i v e  s o l i d s
o f  s m a l l  p a r t i c l e  s i z e .
W i th  t h e  c u r r e n t  w i d e s p r e a d  i n t e r e s t  i n  n o n - m e t a l l i c  
m a t e r i a l s  i n  g e n e r a l ,  a n d  c e r a m i c  m a t e r i a l s  a n d  r e f r a c t o r y  
o x i d e s  i n  p a r t i c u l a r ,  i t  i s  s u r p r i s i n g  t h a t  l i t t l e  w ork  h a s  
h e e n  done on t h e  d e f o r m a t i o n  o f  t h e s e  m a t e r i a l s ,  a n d  t h e
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r e l a t e d  p r o p e r t y  a n d  s t r u c t u r a l  c h a n g e s , a s  m e a s u r e d  h y  
X - r a y  l i n e  b r o a d e n i n g  m e th o d s*  A w i d e s p r e a d  f i e l d  o f  s t u d y  
was t h e r e f o r e  a v a i l a b l e ,  a n d  i t  was n e c e s s a r y  t o  d e f i n e  t h e  
t e r m s  o f  r e f e r e n c e  o f  t h e  p r e s e n t  work  more r i g o r o u s l y *
( 1 1 )From t h e  w ork  o f  P e a r s o n  a n d  L e w i s v ' ,  i t  was known 
t h a t  t h e  s i m p l e  s t r u c t u r e  a l k a l i - h a l i d e s  i n  pow d er  fo rm  c o u l d  
b e  d e f o r m e d  b y  b a l l - m i l l i n g ,  a n d  t h a t  t h i s  b a l l - m i l l i n g  was  
s u f f i c i e n t  t o  p r o d u c e  c h a n g e s  i n  X - r a y  d i f f r a c t i o n  p r o f i l e s .  
I t  was  f e l t  t h a t  i o n i c  o x i d e s ,  t h e  m a j o r i t y  o f  w h i c h  h a v e  
f a i f l y s i m p l e  s t r u c t u r e s  d e p e n d i n g  m a i n l y  on t h e  c l o s e  p a c k i n g  
o f  ox y g en  i o n s ,  m ig h t  w e l l  p r o v i d e  a u s e f u l  c l a s s  o f  
m a t e r i a l s  t o  i n v e s t i g a t e  u s i n g  X - r a y  l i n e  b r o a d e n i n g  m e t h o d s .  
The h a r d  r e f r a c t o r y  n a t u r e  o f  some o f  t h e  i o n i c  o x i d e s  
makes  th em  e s p e c i a l l y  i n t e r e s t i n g .
I t  was  d e c i d e d  t o  s u r v e y  t h e  e f f e c t s  o f  b a l l - m i l l i n g  
on a r a n g e  o f  16 o x i d e  m a t e r i a l s  t o  s e e  i f  a n y  o f  t h e s e  
o x i d e s  c o u l d  b e  d e f o r m e d  t o  show m e a s u r a b l e  l i n e  b r o a d e n i n g  
e f f e c t s .  I t  was  r e a s o n e d  t h a t  i f  l i n e  b r o a d e n i n g  w ere  
p r o d u c e d ,  a n  a n a l y s i s  i n  t e r m s  o f  c r y s t a l  s i z e  a n d  l a t t i c e  
s t r a i n  c o u l d  b e  p e r f o r m e d ,  a s  h a s  b e e n  d e m o n s t r a t e d  f o r  m o s t  
f a c e  c e n t r e d  c u b i c  m e t a l s  a n d  t h e  a l k a l i - h a l i d e s .  The 
o x i d e s  l i s t e d  i n  T a b l e  1 w e re  b a l l - m i l l e d  i n  an  a g a t e  b a l l -  
m i l l ,  ( d e t a i l s  o f  e x p e r i m e n t a l  a p p a r a t u s  a r e  g i v e n  i n  t h e  
a p p e n d i x ) ,  f o r  p e r i o d s  o f  a t  l e a s t  f o u r  h o u r s ,  a n d  t h e i r  
d i f f r a c t i o n  p a t t e r n s  w e re  r e c o r d e d  f o r  t h i s  s u r v e y  on  f i l m  
u s i n g  a P h i l i p s  11 .ij.6 cms d i a m e t e r  p o w d er  c a m e r a .  F o r  a l l
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s u b s e q u e n t  q u a n t i t a t i v e  w ork  a d i f f r a c t o m e t e r  was  u s e d .  
C oppe r  Kd r a d i a t i o n  was  u s e d ,  e x c e p t  i n  t h e  c a s e s  w h e re  
f l u o r e s c e n c e  w o u ld  o c c u r ,  a s ,  f o r  e x a m p l e ,  w i t h  t h e  i r o n  
o x i d e s ,  a n d  i n  t h e s e  c a s e s  c o b a l t  Ka r a d i a t i o n  was u s e d .
T a b l e  1 , O x i d e s  s e l e c t e d  f o r  t h e  i n i t i a l  s u r v e y .
L a t t i c e  T y p e s
Sodium
C h l o r i d e C u p r i t e S p i n e lF l u o r i t e Corundum W u r t z i t e
CdO ZnOThO
MgO ZrO Y -A lum ina
CaO
N iO
SrO
BaO
FeO
A l l  o x i d e s  e x a m i n e d  showed  l i n e  b r o a d e n i n g  t o  some 
e x t e n t ,  a n d  i n  a l l  c a s e s  t h e  b r o a d e n i n g  a s s o c i a t e d  w i t h  b a c k  
r e f l e c t i o n  l i n e  p o s i t i o n s  was much g r e a t e r  t h a n  t h e  l i n e  
b r o a d e n i n g  a s s o c i a t e d  w i t h  low  B r a g g  a n g l e s .  I n  m o s t  c a s e s  
t h e  r e s o l u t i o n  o f  a l l  b a c k  r e f l e c t i o n  a n d  r e f l e c t i o n s  
was  l o s t .  I n  t e r m s  o f  t h e  H a l l  -  W i l l i a m s o n  m e th o d  o f  
a n a l y s i s ,  ( s e e  a p p e n d i x ) ,  t h i s  p r e f e r e n t i a l  b a c k  r e f l e c t i o n  
b r o a d e n i n g  i n d i c a t e d  t h e  e x i s t e n c e  o f  s t r a i n e d  l a t t i c e s  
r a t h e r  t h a n  s m a l l  c r y s t a l  s i z e  e f f e c t s .  By a n n e a l i n g  t h e s e  
o x i d e s ,  s h a r p  b a c k  r e f l e c t i o n  d i f f r a c t i o n  l i n e s  w e r e  o b t a i n e d ,
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i n d i c a t i n g  t h a t  some d e g r e e  o f  l a t t i c e  s t r a i n  r e l i e f  h a d  
o c c u r r e d .
Of t h e s e  o x i d e  s t r u c t u r e s  i n v e s t i g a t e d ,  n o t  a l l  w e re  
f o u n d  s u i t a b l e  f o r  more  d e t a i l e d  q u a n t i t a t i v e  s t u d y .
N i c k e l  o x i d e ,  w h i l s t  commonly r e p o r t e d  a s  h a v i n g  a 
f a c e d  c e n t r e d  c u b i c  s t r u c t u r e ,  i n  f a c t  e x i s t s  a s  a 
r h o m b o h e d r a l  s t r u c t u r e  a t  room t e m p e r a t u r e .  The a t o m i c  s i z e  
r a t i o  o f  n i c k e l  t o  o x y g en  i s  j u s t  t o o  s m a l l  a t  room 
t e m p e r a t u r e ,  f o r  t h e  f a c e  c e n t r e d  c u b i c  s t r u c t u r e  t o  be  
m a i n t a i n e d .  A c c o r d i n g  t o  R o o k s b y ^ ^ ,  no  r h o m b o h e d r a l  
d i s t o r t i o n  i s  d e t e c t a b l e  a b o v e  200°Co T h i s  d i s t o r t i o n  o f  t h e  
s t r u c t u r e  t o  r h o m b o h e d r a l  sym m etry  p r o d u c e s  a  s l i g h t  s p l i t t i n g  
o f  c e r t a i n  d i f f r a c t i o n  l i n e s ,  m ak in g  i t  d i f f i c u l t  t o  s t u d y  
t h e  t r u e  s h a p e s  o f  t h e  d i f f r a c t i o n  p r o f i l e s .  F o r  t h i s  
r e a s o n  n i c k e l  o x i d e  was n o t  s u b j e c t e d  t o  a  d e t a i l e d  s t u d y .
(1 S')Z i r c o n i a ,  Zr O^,  i s  a  d i s t o r t e d  f l u o r i t e  t y p e  s t r u c t u r e v 
a n d  a t  room t e m p e r a t u r e  e x i s t s  i n  t h e  m o n o c l i n i c  f o r m .
Above 1000°C a  t e t r a g o n a l  l a t t i c e  t y p e  i s  f o r m e d  a n d
s t a b i l i s e d  z i r c o n i a  a t  h i g h  t e m p e r a t u r e  h a s  t h e  c u b i c  f o r m .
The m o n o c l i n i c  s t r u c t u r e  c a n  b e  c o n s i d e r e d  a s  a  c o m b i n a t i o n
o f  f l u o r i t e  t y p e  l a y e r s  p a r a l l e l  t o  ( 1 0 0 ) i n  w h i c h  t h e  “1"
o x i d e  i o n s  a r e  i n  t r i a n g u l a r  c o - o r d i n a t i o n .  Due t o  t h i s
*
s p l i t t i n g  o f  l i n e s  i n  t h e  c o m p le x  m o n o c l i n i c  s t r u c t u r e ,  
z i r c o n i a  was a l s o  r e j e c t e d  f o r  more  d e t a i l e d  s t u d y .
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N e i t h e r  b a r i u m  n o r  s t r o n t i u m  o x i d e s  w e r e  c o n s i d e r e d  
s u i t a b l e  m a t e r i a l s  t o  w ork  w i t h  b e c a u s e  o f  e x c e s s i v e  
i n s t a b i l i t y  i n  a i r ,  due t o  r a p i d  r e a c t i o n  w i t h  w a t e r  v a p o u r  
a n d  c a r b o n  d i o x i d e *  I t  was f e l t  t h a t  c a l c i u m  o x i d e  c o u l d  
b e  c o n s i d e r e d  a s  l o n g  a s  a d e q u a t e  d e s s i c a t i o n  was p e r f o r m e d .
The i r o n  o x i d e s ,  f e r r o u s  o x i d e ,  a - F e ^ O ^ ,  a n d  m a g n e t i t e ,  
w e re  a l s o  r e j e c t e d  due t o  t h e  f a c t  t h a t  c o b a l t  r a d i a t i o n  
was n o t  r e a d i l y  i n t e r c h a n g e a b l e  w i t h  c o p p e r  r a d i a t i o n  on  t h e  
d i f f r a c t o m e t e r  a p p a r a t u s ,  owing  t o  a l i g n m e n t  d i f f i c u l t i e s .  
T h e i r  u s e  w i t h  c o p p e r  r a d i a t i o n  p r o d u c e d  e x c e s s i v e  
f l u o r e s c e n c e ,  w h i c h  was  n o t  p o s s i b l e  t o  c o r r e c t  w i t h o u t  t h e  
a i d  o f  a  d i s c r i m i n a t o r .
Among t h e  a l u m i n a s  c o n s i d e r e d ,  o n l y  t h e  a l p h a  fo rm  
h a s  a  d e f i n i t e l y  e s t a b l i s h e d  c r y s t a l  s t r u c t u r e .  A l l  o t h e r  
f o r m s  o f  a l u m i n a ,  s i x  i n  a l l ,  a r e  u s u a l l y  g r o u p e d  t o g e t h e r  
a s  ’gamma1 a l u m i n a ^ T h e  s i x  f o r m s  a r e  gamma, d e l t a ,  
e t a ,  t h e t a ,  k a p p a  a n d  c h i .  O n ly  Te t a ! i s  r e a l l y  c u b i c ,  
h a v i n g  a  s p i n e l  t y p e  s t r u c t u r e .  The gamma, d e l t a ,  t h e t a  
a n d  k a p p a  f o r m s  a r e  p r o b a b l y  t e t r a g o n a l  o r  o r t h o r h o m b i c .
The ! c h i T fo rm  i s  a p p r o x i m a t e l y  c u b i c ,  b u t  n o t  o f  t h e  
s p i n e l  s t r u c t u r e  t y p e .  T r a n s f o r m a t i o n s  b e t w e e n  t h e s e  
f o rm s  d e p e n d  on t i m e ,  c r y s t a l  s i z e ,  a n d  a t m o s p h e r e ,  a n d  
f o r  t h e s e  r e a s o n s  *gamma1 a l u m i n a  was r e j e c t e d  f o r  t h e  
d e t a i l e d  c l a s s i f i c a t i o n .
1 k
From t h e  o r i g i n a l  s u r v e y ,  t h e  f o l l o w i n g  e i g h t  o x i d e s  
w e re  s e l e c t e d  a s  b e i n g  s u i t a b l e  f o r  a  more  d e t a i l e d  s t u d y  
o f  t h e  d e f o r m a t i o n  c h a r a c t e r i s t i c s ,  (S ee  T a b l e  2 ) .  W i th  
a l l  t h e s e  s t r u c t u r e s  i t  w a s - p o s s i b l e  t o  s e l e c t  a t  l e a s t  
e i g h t  t o  t e n  d i f f r a c t i o n  p e a k s ,  s p r e a d  t h r o u g h o u t  t h e  r a n g e  
o f  2 8 ,  w h i c h  w e re  s u f f i c i e n t l y  i s o l a t e d  so  t h a t  t h e i r  t r u e  
s h a p e s  s h o u l d  b e  o b s e r v a b l e ,  a n d  t h e  o v e r l a p p i n g  o f  
n e i g h b o u r i n g  r e f l e c t i o n s ,  e v e n  when c o n s i d e r i n g  v e r y  b r o a d  
r e f l e c t i o n s ,  s h o u l d  b e  m i n i m a l .
T a b le  2 .  O x id e s  s e l e c t e d  f o r  a more d e t a i l e d  s t u d y .
S t r u c t u r e  T y p e s
Sodium
C h l o r i d e F l u o r i t e W u r t z i t eCorundum C u p r i t e
CdO ThO, ZnO
I t  was  t h o u g h t  t h a t  o f  t h e s e  o x i d e s ,  cadmium o x i d e ,  
a n d  t o  a  l e s s e r  e x t e n t  z i n c  o x i d e  a n d  c u p r o u s  o x i d e ,  
s h o u l d  p r o v i d e  a  u s e f u l  l i n k  b e t w e e n  t h e  h a r d  h i g h  m e l t i n g  
p o i n t  r e f r a c t o r y  o x i d e s  an d  t h e  s o f t  low m e l t i n g  p w i n t  
a l k a l i - h a l i d e s .
C h a p t e r  1 .
A q u a n t i t a t i v e  s t u d y  o f  t h e  i n t r o d u c t i o n  a n d  
r e m o v a l  o f  s t r a i n  i n  e i g h t  s e l e c t e d  
o x i d e s .
The o x i d e s  s e l e c t e d  f o r  t h i s  more d e t a i l e d  s t u d y  
a r e  t h o s e  g i v e n  i n  t a b l e  2 , p a g e  i ip .
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L i t e r a t u r e  S u r v e y .
The s t u d y  o f  p l a s t i c a l l y  d e f o r m e d  m a t e r i a l s  h y  X - r a y
l i n e  b r o a d e n i n g  m e th o d s  h a s  h e e n  r e s t r i c t e d  a l m o s t  e n t i r e l y
( 17}t o  t h e  f i e l d  o f  m e t a l s .  S i n c e  v a n  A r k e l  '  f i r s t  r e p o r t e d
t h a t  c o l d - w o r k  p r o d u c e d  a  b r o a d e n i n g  o f  X - r a y  d i f f r a c t i o n
l i n e s ,  much p u b l i s h e d  w ork  h a s  a p p e a r e d  on l i n e  b r o a d e n i n g
i n  m e t a l s ,  S c h e r r e r ^ ^  i n  1916 p r o d u c e d  an  e x p r e s s i o n  t h a t
r e l a t e d  b r o a d e n i n g  t o  s m a l l  p a r t i c l e  s i z e ,  b u t  f o r  m e t a l s
i t  was  f o u n d  t h a t  t h i s  o n l y  a c c o u n t e d  f o r  a  s m a l l  f r a c t i o n
o f  t h e  o b s e r v e d  b r o a d e n i n g .  Most p u b l i s h e d  w o rk  t h e r e a f t e r
s u p p o r t e d  t h e  v i e w  t h a t  b r o a d e n i n g  was d u e  t o  i n t e r n a l
l a t t i c e  s t r a i n s  ( H a w o r t h ^ ^ ,  B r i n d l e y  a n d  R i d l e y ^ 2 0 ^ , f o r
e x a m p l e ) ,  a l t h o u g h  some w o r k e r s  a c c e p t e d  t h a t  l i n e  b r o a d e n i n g
p r o d u c e d  b y  c o l d - w o r k  was  t h e  r e s u l t  o f  a  s u b d i v i s i o n  o f
( 2 1 )g r a i n s  i n t o  s m a l l  f r a g m e n t s ,  (Woodv ').
A t  a n  e a r l y  s t a g e  i t  was  a p p r e c i a t e d  t h a t  t h e  t r u e  
e f f e c t s  o f  c o l d - w o r k  c o u l d  o n l y  b e  s t u d i e d  i f  e x t r a n e o u s  
c a u s e s  o f  b r o a d e n i n g  (now known a s  i n s t r u m e n t a l  b r o a d e n i n g ) ,  
w e re  e l i m i n a t e d .  V a r i o u s  e a r l y  e f f o r t s  a t  s o l v i n g  t h e  
i n s t r u m e n t a l  b r o a d e n i n g  p r o b l e m  t h e o r e t i c a l l y  w e r e  n o t  
s u c c e s s f u l ,  a n d  t h e  u s e  o f  a n  i n t e r n a l  s t a n d a r d  becam e  t h e  
a c c e p t e d  f o rm  o f  c o r r e c t i o n .  The i n t e r n a l  s t a n d a r d  m e th o d  
o r i g i n a l l y  t o o k  t h e  fo rm  o f  a n  a n n e a l e d  m e t a l ,  o r  w e l l  
c r y s t a l l i z e d  s a l t ,  m ix e d  w i t h  t h e  m e t a l  u n d e r  c o n s i d e r a t i o n .  
J o n e s ^ 2 2  ^ u s e d  a n n e a l e d  molybdenum t o  o b t a i n  t h e  
i n s t r u m e n t a l  b r o a d e n i n g  w h i l e  s t u d y i n g  t h e  b r o a d e n i n g  o f
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c o l l o i d a l  g o ld o  When u s i n g  t h e  J o n e s  m e th o d  i t  i s  d i f f i c u l t  
t o  e n s u r e  t h a t  t h e  d i f f r a c t i o n  l i n e s  f ro m  t h e  two m a t e r i a l s  
do n o t  o v e r l a p .  An a d d i t i o n a l  d ra w b a c k  i s  t h a t  t h e  
i n s t r u m e n t a l  b r o a d e n i n g  v a r i e s  w i t h  t h e  B r a g g  a n g l e  a n d  
h e n c e  a c e r t a i n  d e g r e e  o f  i n t e r p o l a t i o n  i s  n e c e s s a r y  t o  
f i n d  t h e  i n s t r u m e n t a l  b r o a d e n i n g  a t  t h e  p o s i t i o n s  o f  t h e  
b r o a d  l i n e s .  L a t e r  t h e  same y e a r  ( 1 9 3 8 ) ,  B r i n d l e y  a n d  
R i d l e y ^ 2^ ,  s t u d y i n g  t h e  l i n e  b r o a d e n i n g  p r o d u c e d  i n  f i l e d  
r h o d iu m  p o w d e r ,  u s e d  a s a m p le  o f  c h e m i c a l l y  p r e p a r e d  r h o d iu m  
pow der  t o  d e t e r m i n e  t h e  i n s t r u m e n t a l  b r o a d e n i n g ,  t h u s  
e l i m i n a t i n g  t h e  n e e d  f o r  e x t r a p o l a t i o n  b e t w e e n  r e f l e c t i o n s .  
The u s e  o f  a n  a n n e a l e d  s p e c i m e n  o f  t h e  m a t e r i a l  u n d e r  
e x a m i n a t i o n  l a t e r  becam e  t h e  c u s t o m a r y  m e th o d  f o r  
c o r r e c t i n g  p r o f i l e s  f o r  i n s t r u m e n t a l  b r o a d e n i n g .
When i n s t r u m e n t a l  b r o a d e n i n g  a n d  i n t r i n s i c  b r o a d e n i n g  
a r e  b o t h  p r e s e n t ,  t h e  b r e a d t h  o f  t h e  l i n e  i s  n o t  n e c e s s a r i l y  
t h e  sum o f  t h e  b r e a d t h s  w h i c h  w o u ld  be  o b t a i n e d  f ro m  e i t h e r  
c a u s e  a c t i n g  i n d e p e n d e n t l y ,  n o r  i s  t h e r e  a n y  s i m p l e  g e n e r a l  
r e l a t i o n  i n d e p e n d e n t  o f  t h e  s h a p e  o f  t h e  l i n e  p r o f i l e .
J o n e s  t r i e d  an  e s s e n t i a l l y  t r i a l  an d  e r r o r  m e th o d  i n  h i s  
s y n t h e s i s  m e t h o d .  Modern m e th o d s  a s su m e  some d e f i n e d  
m a t h e m a t i c a l  s h a p e  f o r  t h e  p r o f i l e ,  w h ic h  i s  u s e d  t o  s u b t r a c t  
t h e  i n s t r u m e n t a l  b r o a d e n i n g  f ro m  t h e  t o t a l  b r o a d e n i n g .  Many 
w o r k e r s  h a v e  shown t h a t  t h e  p r o f i l e  s h a p e s  l i e  b e t w e e n  a  
C auchy  fo rm  a n d  a G-auss ian  f o r m ,  a n d  t h e s e  h a v e  b e e n  m ost  
f r e q u e n t l y  u s e d .
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I n  1948 R a c h i n g e r  ^2-^  p u b l i s h e d  a r a p i d  m e c h a n i c a l  
s o l u t i o n  t o  t h e  p r o b l e m  o f  s e p a r a t i n g  t h e  Ka^ co m p o n en t  
f ro m  t h e  Ka-^a^ d o u b l e t , ,  The m e th o d  g i v e s  a p a r t i c u l a r l y ,  
r e l i a b l e  i n t e r p r e t a t i o n  o f  t h e  low  a n g l e  s i d e  o f  t h e  peak*  
b u t  i s  l e s s  r e l i a b l e  on t h e  h i g h  a n g l e  s i d e .  I n  t h e  same 
y e a r  S t o k e s ^ )  s e p a r a t e d  t h e  i n s t r u m e n t a l  b r o a d e n i n g  f ro m  
t h e  o v e r a l l  b r o a d e n e d  p r o f i l e  m a t h e m a t i c a l l y * b y  a n  
u n f o l d i n g 1 p r o c e s s *  t h e  e n d  p r o d u c t  b e i n g  a  F o u r i e r  s e r i e s  
r e p r e s e n t i n g  a  t h e o r e t i c a l  p r o f i l e  r e s u l t i n g  f r o m  b r o a d e n i n g  
s o l e l y  due  t o  f a u l t s  o r  s m a l l  c r y s t a l  s i z e .  The S t o k e s  
m e th o d  makes  n o  a s s u m p t i o n s  a s  t o  t h e  s h a p e  o f  t h e  p r o f i l e  
b u t  u s u a l l y  r e q u i r e s  e x t e n s i v e  c o m p u t a t i o n a l  f a c i l i t i e s .
I n  t h e  f o l l o w i n g  y e a r  ( 1 9 4 9 ) ,  W a r re n  a n d  A v e r b a c h ^ 2 5 ) 
p u b l i s h e d  t h e  f i r s t  o f  a s e r i e s  o f  p a p e r s  on l i n e  b r o a d e n i n g  
i n  c o l d - w o r k e d  m e t a l s  u s i n g  X - r a y  p r o f i l e  s h a p e s  t o  i n t e r p r e t  
t h e  c a u s e s  o f  b r o a d e n i n g .  W a r re n  a n d  A v e rb a c h *  a n d  o t h e r  
w o r k e r s ,  h a v e  s u b s e q u e n t l y  d e v e l o p e d  t h e  m e th o d  o f  p r o f i l e  
s h a p e  a n a l y s i s  a n d  t h i s  i s . now one o f  t h e  two m e th o d s  
o f  a n a l y s i s  o f  l i n e  b r e a d t h s  o f t e n  u s e d .  P a t t e r s o n ^ ^  
d e m o n s t r a t e d  t h e o r e t i c a l l y  t h e  i m p o r t a n c e  o f  s t a c k i n g  f a u l t s  
i n  t h e  i n t e r p r e t a t i o n  o f  p a t t e r n s  o f  c o l d - w o r k e d  m e t a l s .
An a l t e r n a t i v e  m e th o d  o f  p r o f i l e  i n t e r p r e t a t i o n  t o  t h a t " '
o f  W a r re n  a n d  A v e r b a c h  was d e v e l o p e d  b y  W i l l i a m s o n  a n d  
(5 )H a l l  a n d  a p p l i e d  t o  t h e  c a s e  o f  a lu m in iu m  a n d  t u n g s t e n  
( l 9 5 3 ) o  The W i l l i a m s o n  a n d  H a l l  method* w h i c h  a s s u m e s  t h a t  
b r o a d e n i n g  i s  due t o  b o t h  l a t t i c e  s t r a i n s  a n d  s m a l l
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c r y s t a l l i t e  s i z e *  c o m b in e s  t h e  S c h e r r e r  f o r m u l a  f o r  p a r t i c l e  
s i z e  a n d  a r e l a t i o n s h i p  d e r i v e d  b y  S t o k e s  a n d  W i l s o n  
i n  19U4» T h i s  l a t t e r  e q u a t i o n  r e l a t e s  t h e  b r o a d e n i n g  due 
t o  s t r a i n  w i t h  t h e  B ra g g  a n g l e  2 0 .  A p a r t  f ro m  m i n o r  
r e f i n e m e n t s ,  b o t h  t h e  H a l l - W i l l i a m s o n  a n d  W a r r e n - A v e r b a c h  
m e th o d s  a r e  e s s e n t i a l l y  t h e  same t o d a y .  A c o m p a r i s o n  o f  t h e  
two m e th o d s  i s  g i v e n  i n  t h e  a p p e n d i c e s .
Most  o f  t h e  p u b l i s h e d  w ork  s i n c e  t h e s e  two m e th o d s  o f  
i n t e r p r e t a t i o n  h a v e  become e s t a b l i s h e d ,  h a s  r e l a t e d  t o  t h e  
s t u d y  o f  s p e c i f i c  m e t a l s  o r  a l l o y s  a n d  t h e i r  b e h a v i o u r  a f t e r  
c o l d - w o r k  b y  f i l i n g ,  u s i n g  one o r  o t h e r  o f  t h e s e  m e th o d s  o f  
i n t e r p r e t a t i o n .
M e t a l s  w h i c h  h a v e  b e e n  s t u d i e d  u s i n g  t h e  F o u r i e r  m e th o d
i n c l u d e  c o p p e r  a n d  a - b r a s s ^ " ^ ,  s i l v e r  a n d  a l u m i n i u m ^ ^
a t  low  t e m p e r a t u r e s ,  b y  Wagner;  c o b a l t - n i c k e l  a l l o y s  b y
( 29)C h r i s t i a n  a n d  S p r e a d b o r o u g h v n i c k e l  b y  M i c h e l l  a n d
L o v e g r o v e ^ ^ ,  i r o n  a n d  molybdenum b y  W i l l i a m s o n  a n d
( 31) ( 32 )S m a l l m a n w  z i r c o n i u m  b y  Mogard a n d  A v e r b a c h v ,
( 3 3 )molybdenum b y  D e s p u o o l s  a n d  W a r r e n v , a n d  s i l v e r  b y  
S c h o e n i n g  a n d  v a n  N i e k e r k ^ ^ .
M e t a l s  a n d  a l l o y s  s t u d i e d  b y  t h e  a l t e r n a t i v e  H a l l -
( 5 ) -
W i l l i a m s o n  m e th o d  i n c l u d e  a l u m i n i u m , t u n g s t e n w ' ,  molybdenum
( 3^)b y  A g n i h o t r i v , c o p p e r ,  n i c k e l ,  a n d  a l l o y s  o f  c o p p e r  w i t h  
z i n c ,  t i n ,  a l u m i n i u m  a n d  g e rm an iu m  b y  S m al lm an  a n d  
W e s t m a c o t t  , c o p p e r  b y  A g n i h o t r i  a n d  M i t r a ^ " ^ ,  a n d
n i c k e l  b y  M i c h e l l  a n d  H a i g ^ ^ .
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The more r e c e n t  s t u d i e s  o f  m e t a l s  h a v e  c o n c e n t r a t e d
on h i g h  p u r i t y  s p e c i m e n s ,  s i n c e  i t  h a s  h e e n  shown t h a t  t h e
am ount  o f  s t r a i n  i n d u c e d  i n  a f i l e d  s p e c i m e n  i s  d i r e c t l y
(s')r e l a t e d  t o  t h e  i m p u r i t i e s  p r e s e n t ' ^ ' ' .
The o n l y  r i g o r o u s ,  q u a n t i t a t i v e  l i n e  " b r o a d e n in g
s t u d i e s - o f  t h e  p l a s t i c  d e f o r m a t i o n  o f  n o n - m e t a l s  h a v e
c o n c e r n e d  t h e  d e f o r m a t i o n  o f  p o l y c r y s t a l l i n e . c a l c i t e , o r
i t s  m e t a m o r p h i c  d e r i v a t i v e  l i m e s t o n e ,  an d  t h e  a l k a l i -
h a l i d e s .  The f i r s t  p u b l i c a t i o n  on t h e  d e f o r m a t i o n  o f
n o n - m e t a l s  a s  m e a s u r e d  h y  X - r a y  l i n e  b r o a d e n i n g  m e th o d s  was
(9)h y  R o s e n t h a l  a n d  K au fm an v J i n  1 9 5 2 .  T h e y . t o o k  a  f r e s h  l o o k  
a t  t h e  p r o b l e m  a s  t o  w h e t h e r  c o l d - w o r k i n g  a m e t a l  p r o d u c e d ,  
l a t t i c e  s t r a i n s ,  o r  a b r e a k i n g  up o f  t h e  o r i g i n a l  c r y s t a l s  
o r  g r a i n s  i n t o  c r y s t a l l i t e s  s m a l l  e n o u g h  t o  p r o d u c e  t h e  
e f f e c t s  o f  p a r t i c l e  s i z e  b r o a d e n i n g .  They  a r g u e d  t h a t  a 
c r u c i a l  t e s t  t o  t h i s  p r o b l e m  w o u ld  r e q u i r e  t h e  r e l a x a t i o n  
o f  t h e  r e s i d u a l  s t r e s s  w i t h i n  t h e  c r y s t a l l i t e s  w i t h o u t  
a f f e c t i n g  t h e i r  s i z e .  I f  l i n e  b r o a d e n i n g  d e c r e a s e d  m a r k e d l y  
a f t e r  t h e  r e l a x a t i o n , . t h e n  l a t t i c e  d i s t o r t i o n  w o u ld  b e  t h e  
m a j o r  f a c t o r .  I f  t h e  l i n e  b r o a d e n i n g  p e r s i s t e d  a f t e r  t h e  
r e l a x a t i o n ,  t h e n  t h e  p a r t i c l e  s i z e  w o u ld  be  t h e  d o m i n a n t  
f a c t o r .  R o s e n t h a l  a n d  Kaufman f u r t h e r  a r g u e d  t h a t  low  
t e m p e r a t u r e  a n n e a l i n g  o f  m e t a l  s a m p l e s  w o u ld  n o t  p r e v e n t ,  
r e c r y s t a l l i z a t i o n  a n d  g r a i n  g r o w t h ,  a n d  f u r t h e r  t h a t  
m e c h a n i c a l  s e p a r a t i o n  o f  c r y s t a l l i t e s  c a n n o t  b e  a c h i e v e d ,  
i n  m e t a l s  w i t h o u t  f u r t h e r  p l a s t i c  d e f o r m a t i o n , .  • T h i s  l a s t  
d i f f i c u l t y  t h e y  f o u n d  c o u l d  b e  m i n i m i s e d ,  i f  n o t  a l t o g e t h e r
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e l i m i n a t e d ,  toy u s i n g  p l a s t i c a l l y  d e f o r m e d  m a r b l e  i n s t e a d  o f  
m e t a l s .  I t  i s  known t h a t  m a r b l e  d e f o r m s  p l a s t i c a l l y  u n d e r  
u n i a x i a l  l o a d  i f  i t  i s  c o n f i n e d  toy h y d r o s t a t i c  p r e s s u r e  i n  
e x c e s s  o f  1000 a t m o s p h e r e s ,  w h i l s t  u n d e r  t h e  same l o a d  a t  one 
a t m o s p h e r e  p r e s s u r e  i t  f r a c t u r e s .  R o s e n t h a l  a n d  Kaufman 
o to se rv e d  t h e  i n c r e a s e  i n  d i f f r a c t i o n  l i n e  t o r e a d t h  when a  to lock  
o f  m a r b l e  was  d e f o r m e d ,  a n d  c o m p a re d  t h i s  w i t h  t h e  l i n e  
t o r e a d t h  o f  a n  u n d e f o r m e d  s p e c i m e n .  B o t h  s p e c i m e n s  w e r e  
c r u s h e d  i n  a m o r t a r  u n t i l  t h e  g r a i n  s i z e  was l e s s  t h a n  1 
m i c r o n .  I t  was f o u n d  t h a t  t h e  l i n e  t o r e a d t h  o f  t h e  v i r g i n  
s p e c i m e n  i n c r e a s e d ,  w h i l s t  t h a t  o f  t h e  d e f o r m e d  s p e c i m e n  
d e c r e a s e d  u n t i l  t h e y  w ere  tooth w i t h i n  10$  o f  t h e  same v a l u e .  
T h e s e  r e s u l t s  i n d i c a t e d  t h a t  t h e  e x c e s s  p r o f i l e  t o r o a d e n i n g  
o f  p l a s t i c a l l y  d e f o r m e d  m a r b l e  was  t h e  r e s u l t  o f  m i c r o ­
s t r e s s e s ,  w h ic h  w e re  r e l e a s e d  when t h e  p a r t i c l e  s i z e  was 
r e d u c e d  toelow a  c r i t i c a l  v a l u e .
P a t t e r s o n ^ ^  p u b l i s h e d  a  more d e t a i l e d  a n a l y s i s  o f  t h e  
l i n e  t o r o a d e n i n g  o b s e r v e d  i n  d e f o r m e d  l i m e s t o n e .  P a t t e r s o n  
f o u n d ,  i n  a c c o r d a n c e  w i t h  t h e  r e s u l t s  o f  R o s e n t h a l  a n d  Kaufman, 
t h a t  t h e  v a r i a t i o n  o f  i n t e g r a l  t o r e a d t h  w i t h  B r a g g  a n g l e  
f a v o u r e d  t h e  i n t e r n a l  s t r a i n  m o d e l ,  e s p e c i a l l y  i f  e l a s t i c  
a n i s o t r o p y  o f  t h e  c r y s t a l  was  c o n s i d e r e d .  The l i n e  
t o r o a d e n i n g  o f  c a l c i t e  was  l a r g e  c o m p ared  t o  t h a t  f ro m  
p l a s t i c a l l y  d e f o r m e d  m e t a l s ,  a r e s u l t  P a t t e r s o n  a t t r i b u t e d  
i n  p a r t  tc t h e  h i g h  y i e l d  s t r e s s  o f  c a l c i t e .
( )R e c e n t l y ,  G r o s s v y  h a s  e x t e n d e d  t h e  w ork  o f  P a t t e r s o n  
on c a l c i t e  t o  c o v e r  s a m p l e s  d i s t o r t e d  h y  v a r i o u s  a m o u n t s .
(11 )I n  1 9 6 2 ,  a  p u b l i c a t i o n  h y  P e a r s o n  a n d  L e w i s v '  showed 
t h a t  p l a s t i c a l l y  d e f o r m e d  a l k a l i - h a l i d e  compounds  e x h i b i t e d  
l i n e  b r o a d e n i n g .  T h i s  b r o a d e n i n g ,  on a n a l y s i s ,  was  a t t r i b u t e d  
t o  l a t t i c e  s t r a i n s .  T h e i r  m e th o d  o f  d e f o r m a t i o n  o r i g i n a l l y  
c o n s i s t e d  o f  f i l i n g  b l o c k  s p e c i m e n s  s i m i l a r  t o  t h e  m e th o d s  
p r e v i o u s l y  u s e d  t o  s t u d y  l i n e  b r o a d e n i n g  i n  m e t a l s .  L a t e r  
t h e y  f o u n d  t h a t  t h e  b a l l - m i l l i n g  o f  p o w d e r s  p r o d u c e d  l a r g e  
d e g r e e s  o f  l i n e  b r o a d e n i n g  a n d  l a t t i c e  s t r a i n s .
I n  A p r i l  1965* B o g a r d u s  a n d  R o y ^ ^  p u b l i s h e d  w o rk  on 
t h e  s t r e s s e s  r e t a i n e d  i n  s i l i c a  a n d  b a r i u m  t i t a n a t e  a f t e r  
t h e s e  m a t e r i a l s  h a d  b e e n  g r o u n d  a n d  s h a p e d  i n t o  p e l l e t s .
T h e y  n o t i c e d  e x t e n s i v e  l i n e  b r o a d e n i n g  o f  a few  s e l e c t e d  
d i f f r a c t i o n  l i n e s  f ro m  t h e  p r e s s e d  d i s c s ,  w h i c h  t h e y  
a t t r i b u t e d  i n  a  q u a l i t a t i v e  m a n n e r  t o  t h e  i n t r o d u c t i o n  o f  
l a t t i c e  s t r a i n s .
W h i l s t  n o t  s t r i c t l y  a n  e x a m p le  o f  p l a s t i c  d e f o r m a t i o n  
i n t r o d u c e d  b y  m e c h a n i c a l  d e f o r m a t i o n ,  a  p a p e r  b y  J i o f f e r ^ ^
s e r v e s  t o  i l l u s t r a t e  t h e  f a c t  t h a t  l i n e  b r o a d e n i n g  i n  n o n -
\
m e t a l l i c  m a t e r i a l s  c a n  r e s u l t  f ro m  o t h e r  s o u r c e s ,  s u c h  a s  
t h e  n u c l e a t i o n  a n d  c r y s t a l l i s a t i o n  o f  g l a s s e s .  H o f f e r  
u s e d  s o l i d  b l o c k  s p e c i m e n s ,  a n d  f o u n d  t h a t  l i n e  b r o a d e n i n g  
was a t t r i b u t a b l e  t o  b o t h  a  s m a l l  c r y s t a l  s i z e  e f f e c t  a n d  
l a t t i c e  s t r a i n s .
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T r e a t m e n t  o f  S p e c i m e n s ,
The e i g h t  o x i d e s  s e l e c t e d  f o r  q u a n t i t a t i v e  s t u d y  w e re  
cadmium o x i d e ,  c u p r o u s  o x i d e ,  c a l c i u m  o x i d e ,  m ag n es iu m  o x i d e  
t h o r i u m  o x i d e ,  z i n c  o x i d e ,  c h r o m ic  o x i d e  a n d  a - a l u m i n a .
I n  m o s t  c a s e s  t h e s e  w e re  o b t a i n e d  i n  t h e  * A j i a l a r f p u r i t y  
c o n d i t i o n ,  a l t h o u g h  i n  one o r  two c a s e s ,  s p e c t r o s c o p i c a l l y  
p u r e  m a t e r i a l s  w e r e  a v a i l a b l e .
B e f o r e  d e f o r m a t i o n  a l l  o x i d e  p o w d e r s  w e re  a n n e a l e d  f o r  
2 h o u r s ,  t o  p r o d u c e  w e l l  r e s o l v e d  B ra g g  r e f l e c t i o n s  u s i n g  a  
P h i l i p s  d i f f r a c t o m e t e r ,  ( s e e  a p p e n d i c e s  f o r  d e t a i l s  o f  
a p p a r a t u s ) .  T h i s  a n n e a l i n g  t r e a t m e n t  p r o d u c e d  s t r a i n  f r e e  
s a m p l e s  o f  l a r g e  c r y s t a l l i t e  s i z e  ( 100o£ ) ,  s o  t h a t  a s
f a r  a s  p o s s i b l e  e a c h  o x i d e  was  i n  t h e  same i n i t i a l  s t a t e .
The a n n e a l i n g  t e m p e r a t u r e s  r e q u i r e d  t o  p r o d u c e  g o o d  p r o f i l e  
r e s o l u t i o n  w e r e  c l o s e l y  r e l a t e d  t o  t h e  m e l t i n g  p o i n t s .  P o r  
a l l  o x i d e s ,  e x c e p t  t h e  low m e l t i n g  p o i n t  cadmium a n d  c u p r o u s  
o x i d e s ,  t h i s  a n n e a l i n g  t r e a t m e n t  was  p e r f o r m e d  i n  a i r  a t  
1 3 5 0 ° C .  P o r  cadmium o x i d e ,  a t e m p e r a t u r e  o f  8Q0°C was  u s e d ,  
a n d  f o r  c u p r o u s  o x i d e  a  t e m p e r a t u r e  o f  1 0 0 0 °0  i n  a n  a r g o n  
a t m o s p h e r e ,  t o  p r e v e n t  o x i d a t i o n .
E a c h  o x i d e  was t h e n  c o l d - w o r k e d  b y  b a l l - m i l l i n g  i n  an 
a g a t e  b a l l - m i l l  ( s e e  a p p e n d i c e s )  f o r  2 h o u r s .  F i x e d  v o lu m e s  
o f  m i l l  c h a r g e  w ere  t a k e n  f o r  e a c h  o x i d e .  Due t o  
a g g l o m e r a t i o n  a n d  h e a t i n g  i n  t h e  m i l l ,  m i l l i n g  p e r i o d s  o f  
20  m i n u t e s  w e re  u s e d ,  w i t h  b r e a k s  o f  10 m i n u t e s  b e t w e e n
2k
e a c h  p e r i o d .  T h i s  10 m i n u t e s  b r e a k  e n a b l e d  t h e  m i l l  t o  c o o l  
down,  a n d  t h e  a g g l o m e r a t e s  a t  t h e  b o t t o m ,  a n d  on t h e  s i d e s  
o f  t h e  m i l l  t o  b e  b r o k e n  u p .  The d i f f r a c t i o n  p r o f i l e s  
f o r  t h e  t o t a l  m i l l i n g  p e r i o d  o f  2 h o u r s  Yrere r e c o r d e d .
The o x i d e s  w e re  t h e n  r e a n n e a l e d  t o  t h e  same t e m p e r a t u r e s  
a n d  f o r  t h e  same t i m e s  a s  t h e  a n n e a l i n g  t r e a t m e n t s  j u s t  p r i o r  
t o  m i l l i n g ,  a n d  t h e  d i f f r a c t i o n  p r o f i l e s  r e c o r d e d .  T h i s  
l a t t e r  s e t  o f  p r o f i l e s  w ere  s i m i l a r  t o  t h o s e  o b t a i n e d  f ro m  
t h e  o r i g i n a l  a n n e a l i n g s ,  a l t h o u g h  t h e  t h o r i a  p r o f i l e s  were  
s t i l l  s l i g h t l y  b r o a d e n e d .
The a n d  d o u b l e t  c o m p o n e n t s  o f  t h e  f i l t e r e d  
c o p p e r  Ka r a d i a t i o n  w ere  s e p a r a t e d  b y  R a c h i n g e r ’ s m e th o d  
( s e e  a p p e n d i c e s ) ,  a n d  t h e  i n t e g r a l  b r e a d t h s ,  (3 , f o r  e a c h  
d i f f r a c t i o n  p r o f i l e  o b t a i n e d .
I t  was n o t i c e d  d u r i n g  t h e  a n n e a l i n g ,  t h a t  t h e  s t r a i n e d  
m a t e r i a l  t e n d e d  t o  c a k e  t o g e t h e r  t o  fo rm  a s o l i d  a g g r e g a t e .
The u n s t r a i n e d  m a t e r i a l ,  a l t h o u g h  s u b j e c t e d  t o  a n  i d e n t i c a l  
a n n e a l i n g  t r e a t m e n t ,  d i d  n o t  e x h i b i t  t h i s  c a k i n g  e f f e c t ,  
r e m a i n i n g  a  l o o s e  p o w d e r .  C o l o u r  c h a n g e s  o c c u r r e d  i n  c e r t a i n  
o x i d e s  on X - r a y  r a d i a t i o n .  T h e se  a r e  d i s c u s s e d  i n  g r e a t e r  
d e t a i l  on p a g e  2 5 .
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C o l o u r  c h a n g e s  due t o  X - r a y  r a d i a t i o n .
D u r i n g  t h i s  p r e s e n t  s u r v e y  o f  8 o x i d e s ,  c o l o u r  c h a n g e s  
due t o  X - r a y  r a d i a t i o n  w ere  o b s e r v e d  i n  t h o r i a ,  a l u m i n a ,  
m a g n e s i a ,  a n d  l i m e .  The c o l o u r a t i o n  o f  m a t e r i a l s  b y  X - r a y s  
h a s  b e e n  o b s e r v e d  b y  many w o r k e r s ,  b u t  t h e  e x a c t  m ech an ism  
i s  n o t  y e t  w e l l  u n d e r s t o o d ^ 2 ) .
P e a r s o n w o r k i n g  w i t h  t h e  a l k a l i - h a l i d e s  o b s e r v e d  
t h a t  a s  a g e n e r a l  r u l e  a more i n t e n s e  c o l o u r a t i o n  was 
p r o d u c e d  i n  a  s u b s t a n c e  a f t e r  c o l d - w o r k i n g , d u e  t o  a c h a n g e  
i n  t h e  d e f e c t  p a t t e r n :  t h i s  c h a n g e  i n  d e f e c t  p a t t e r n  was  
m e a s u r e d  b y  l i n e  b r o a d e n i n g  m e t h o d s .
The p r e s e n t  s t u d y  c o n f i r m e d  t h a t  a s  a g e n e r a l  r u l e  c o l d -  
w ork  p r o d u c e s  a more i n t e n s e  c o l o u r a t i o n .  F o r  m a g n e s i a , t h o r i a  
a n d  l i m e ,  a n  i n c r e a s e  i n  b a l l - m i l l i n g  t i m e  p r o d u c e d  an  
i n c r e a s e  i n  s t r a i n  a n d  a more i n t e n s e  a n d  d e e p e r  c o l o u r .  For  
a l u m i n i u m  o x i d e  t h e  r e v e r s e  was t r u e .  A d e e p e n i n g  o f  t h e  
s t r a w  c o l o u r a t i o n  was p r o d u c e d  b y  a p r o g r e s s i v e  r e m o v a l  o f  
s t r a i n .
. A c o m p l e t e  l i s t  o f  c o l o u r  c h a n g e s  o b s e r v e d  w i t h  
r a d i a t i o n : -
A lu m in iu m  o x i d e  
Magnesium o x i d e  
T h o r iu m  o x i d e  
C a l c i u m  o x i d e
Worked S p e c im e n  
v e r y  p a l e  s t r a w
p a l e  b l u e - g r e y
p a l e  v i o l e t  
p a l e  c o f f e e
A n n e a l e d : 
s t r a w
n one
n o n e
v e r y  p a l e  
c o f f e e
R e m a r k s .
no  f a d i n g  
o b s e r v e d
»f
f a d e s  v e r y  
s l o w l y .
The a b s e n c e  o f  a s u i t a b l e  s p e c t r o p h o t o m e t e r  p r e v e n t e d  
f u r t h e r  i n v e s t i g a t i o n s  i n t o  t h i s  p r o m i s i n g  f i e l d  o f  s t u d y .
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I n  t h e  f i r s t  i n s t a n c e ,  t h e  m e a s u r e d  i n t e g r a l  b r e a d t h s  
w e r e  p l o t t e d  a g a i n s t  s i n ^ 0 , ( f i g u r e s  1 — 8 ) ,  t o  e s t a b l i s h  
t h e  o v e r a l l  p a t t e r n  o f  r e s u l t s .  T h r e e  c u r v e s  i n  a l l  a r e  
shown f o r  e a c h  o x i d e .  The f i r s t  c u r v e  r e p r e s e n t s  t h e  t o t a l  
b r o a d e n i n g  p r o d u c e d  b y  b a l l - m i l l i n g  a s t r a i n  f r e e  sa m p le  f o r  
two h o u r s .  The s e c o n d  c u r v e  r e p r e s e n t s  t h e  b r o a d e n i n g  o f  t h e  
Ka-^  p e a k  a f t e r  a n n e a l i n g  f o r  2 h o u r s  t o  p r o d u c e  a s t r a i n  f r e e  
s a m p l e .  The d o t t e d  c u r v e  r e p r e s e n t s  t h e  t h e o r e t i c a l  
b r o a d e n i n g  t h a t  w o u ld  be p r o d u c e d  b y  a c r y s t a l l i t e  s i z e  
o f  io oo2 .
From t h e s e  f i g u r e s ,  i t  c a n  b e  s e e n  t h a t  t h e  i n t e g r a l  
b r e a d t h s  o f  t h e  d i f f r a c t i o n  p r o f i l e s  i n c r e a s e  w i t h  i n c r e a s i n g  
B r a g g  a n g l e  2 0 ,  b u t  a t  t h e  same t i m e  a r e  d e p e n d e n t  on t h e  
r e s p e c t i v e  (h  k  l )  v a l u e s .  The d e p e n d e n c e  o f  t h e  b r e a d t h s  
on t h e  r e s p e c t i v e  (h  k  &) v a l u e s  i s  shown b y  t h e  d e v i a t i o n  
o f  p o i n t s  f ro m  t h e  s m o o th  c u r v e .  T h i s  d e v i a t i o n  i s  c o n s i s t e n t ,  
a n d  i s  many t i m e s  g r e a t e r  t h a n  a n y  u n c e r t a i n t y  i n  t h e  
p o s i t i o n s  o f  t h e  p o i n t s .  The d e v i a t i o n  i s  a  m e a s u re  o f  t h e  
a n i s o t r o p y  o f  t h e  m a t e r i a l ,  a n d  i s  a c o m b i n a t i o n  o f  b o t h  
a n i s o t r o p y  o f  s t r a i n  a n d  a n i s o t r o p y  o f  c r y s t a l l i t e  s i z e .
The a n i s o t r o p y  o f  c r y s t a l l i t e  s i z e  i s  w e l l  d e m o n s t r a t e d  i n - - :  
t h e  c a s e  o f  z i n c  o x i d e  ( f i g . 5 ) ,  w h e re  t h e  (o o i )  r e f l e c t i o n s  
fo r m  a  f a m i l y  o f  p o i n t s  d i s t i n c t l y  s e p a r a t e d  f ro m  t h e  
(h  k  l )  r e f l e c t i o n s ,  ( T h i s  w i l l  b e  d i s c u s s e d  i n  f u l l e r  
d e t a i l  i n  t h e  n e x t  s e c t i o n  e n t i t l e d  ’ s t r a i n  a n d  c r y s t a l l i t e
s i z e  m e a s u r e m e n t s ’ ) .  I n  g e n e r a l ,  t h e  l o w e r  t h e  sy m m e try ,  
t h e  g r e a t e r  t h e  d e g r e e  o f  a n i s o t r o p y  a n d  h e n c e  t h e  g r e a t e r  
t h e  s c a t t e r  o f  p o i n t s .  T h i s  p o i n t  c a n  h e  a p p r e c i a t e d  when 
c o n s i d e r i n g  t h e  c a s e s  o f  r h o m b o h e d r a l  a l u m i n a  ( f i g . 8 ) ,  
a n d  c u b i c  m a g n e s i a  ( f i g . 3 ) ;  t h e  g r e a t e r  s c a t t e r  o f  p o i n t s  
i s  a s s o c i a t e d  w i t h  t h e  a l u m i n a  c u r v e .
A c o m p i l a t i o n  o f  a l l  t h e  i n t e g r a l  b r e a d t h  ver 's tas
. 2
s m  0 c u r v e s ,  f o r  t h e  w o r k e d  s p e c i m e n s  s t u d i e d ,  i s  shown i n  
f i g u r e  9 .  T h e re  i s  a  f a i r l y  c l o s e  r e l a t i o n s h i p  b e t w e e n  t h e  
am o u n t  o f  b r o a d e n i n g  a n d  t h e  h e a t  o f  f o r m a t i o n ,  l a t t i c e  
e n e r g y  a n d  h a r d n e s s ,  w h e re  s u c h  d a t a  i s  a v a i l a b l e :  ( s e e  
t a b l e s  2 a n d  3 ) .  The g r e a t e r  b r o a d e n i n g  i s  a s s o c i a t e d  
w i t h  t h e  s m a l l e r  h e a t  o f  f o r m a t i o n ,  l a t t i c e  e n e r g y  a n d  
h a r d n e s s .  T h e re  d o e s  n o t  seem t o  b e  a n y  g e n e r a l  
r e l a t i o n s h i p  b e t w e e n  t h e  d e g r e e  o f  b r o a d e n i n g  a n d  m e l t i n g  
p o i n t s .
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S t r a i n  a n d  C r y s t a l l i t e  S i z e  D e t e r m i n a t i o n s .
H a v i n g  o b t a i n e d  t h e  m e a s u r e d  i n t e g r a l  b r e a d t h s ,  t h e  
n e x t  s t e p  i n v o l v e d  t h e  c o m p u t a t i o n  o f  (3* a n d  d* v a l u e s .
T h i s  e n a b l e d  t h e  b r e a d t h s  t o  b e  r e p r e s e n t e d  b y  (3- v e r s u s  d 
H a l l - W i l l i a m s o n  p l o t s .  T h ese  H a l l  p l o t s  f o r  t h e  w o r k e d  a n d  
a n n e a l e d  s p e c i m e n s  a r e  s h o w n . i n  f i g u r e s  10 -  1 7 .  T h e s e  a r e  
p l o t s  f o r  t o t a l  b r o a d e n i n g ,  s i n c e  a t  t h i s  s t a g e  no  
c o r r e c t i o n s  h a v e  b e e n  a p p l i e d  f o r  i n s t r u m e n t a l  b r o a d e n i n g  
e f f e c t s .  From t h e s e  g r a p h s ,  t h e  maximum p o s s i b l e  s t r a i n s  
a n d  minimum p o s s i b l e  c r y s t a l l i t e  s i z e s  c a n  b e  o b t a i n e d .
The r e l a t i v e l y  l a r g e  s c a t t e r  o f  p o i n t s  f o r  t h e  a n n e a l e d  
s p e c i m e n s  c a n  b e  m a i n l y  a c c o u n t e d  f o r  i n  t e r m s  o f  a n  
i n s t r u m e n t a l  b r o a d e n i n g  f a c t o r ,  n a m e l y  c h a n g e s  i n  t h e  s c a t t e r ,  
d i v e r g e n c e  a n d  r e c e i v i n g  s l i t s .  C o n s i d e r  t h e  c a s e . o f  
m agnes ium  o x i d e ,  f i g u r e  1 2 .  D i f f r a c t o m e t e r  s l i t  c h a n g e s  
w e r e  made a t  2 0 a n g l e s  o f  8 0 °  (d* = 0 . 8 3 5 ) j a n d  i |0 °
(d*  = 0 .JLj-lj-Ip) ,  t h e  c r o s s  s e c t i o n a l  a r e a  o f  t h e  beam  b e i n g  
r e d u c e d  a t  e a c h  s l i t  c h a n g e .  T h i s  r e d u c t i o n  i n  t h e  c r o s s  
s e c t i o n a l  a r e a  o f  t h e  X - r a y  beam a c c o u n t s  f o r  t h e  m a rk e d  
d i f f e r e n c e s  i n  b r e a d t h  b e t w e e n  t h e  ( i l l )  a n d  ( 2 0 0 )  
r e f l e c t i o n s ,  ( 1 °  s l i t s  c h a n g e d  t o  2 °  s l i t s ) ;  a n d  t h e  (2 2 2 )  
a n d  (4 0 0 )  r e f l e c t i o n s ,  ( 2 °  s l i t s  c h a n g e d  t o  1+° s l i t s ) .  The"*'  
s c a t t e r  o f  p o i n t s  f o r  a c o n s t a n t  s l i t  w i d t h  i s  s m a l l .  T h i s  
i s  r e a d i l y  s e e n  i n  t h e  c a s e  o f  t h e  ( 2 0 0 ) ,  ( 2 2 0 ) ,  ( 3 1 1 ) a n d  
( 2 2 2 )  r e f l e c t i o n s ,  w h ere  2 °  s l i t s  w e re  u s e d .
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I t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  i n  a l l  c a s e s  t h e  a n n e a l e d  
s p e c i m e n  i s  a l m o s t  e n t i r e l y  e q u i v a l e n t  t o  a s m a l l  c r y s t a l l i t e  
s i z e  e f f e c t .  T h i s  i n s t r u m e n t a l  c r y s t a l l i t e  s i z e  i s  c l o s e  
t o  1 0 0 0 £  i n  m os t  c a s e s .
To d e t e r m i n e  t h e  e x c e s s  b r o a d e n i n g , t h e  b r o a d e n i n g  due
t o  s p e c i m e n  f a c t o r s  a l o n e ,  a  k n o w le d g e  o f  t h e  i n s t r u m e n t a l
b r o a d e n i n g  i s  e s s e n t i a l .  F o r  t h i s  s u r v e y ,  t h e  i n s t r u m e n t a l
b r o a d e n i n g  was t a k e n  t o  b e  t h a t  b r o a d e n i n g  p r o d u c e d  b y
a n n e a l i n g  t h e  w o r k e d  s a m p l e ,  e x c e p t  i n  t h e  c a s e  o f  t h o r i a ,
w h e re  s l i g h t  s t r a i n  was  e v i d e n t  a f t e r  a n n e a l i n g  f o r  2 h o u r s
a t  1 3 5 0 ° C .  I n  t h e  c a s e  o f  t h o r i a ,  t h e  i n s t r u m e n t a l
b r o a d e n i n g  was t a k e n  a s  t h e  b r o a d e n i n g  p r o d u c e d  b y  a n n e a l i n g
an  a s - r e c e i v e d  s t r a i n  f r e e  s am p le  f o r  2 h o u r s  a t  1 3 5 0 °C .
To s e p a r a t e  t h e  e x c e s s  b r o a d e n i n g  f ro m  t h e  t o t a l  b r o a d e n i n g ,
a n  a s s u m p t i o n  h a s  t o  b e  made a s  t o  t h e  m a t h e m a t i c a l  s h a p e  o f
t h e  p r o f i l e .  Many w o r k e r s  h a v e  shown t h a t  t h e  p r o f i l e  shapes
2 2l i e  b e t w e e n  a  G a u s s i a n  s h a p e  o f  t h e  fo rm  y  = e x p  ( - a  x  ) ,
2 2 —1a n d  a  Cauchy  s h a p e  o f  t h e  fo rm  y  = ( l + a  x  ) ” . G r a p h s  o f  
e x c e s s  b r o a d e n i n g  f o r  b o t h  G a u s s i a n  a n d  C auchy  p r o f i l e  
s h a p e s  a r e  shown i n  f i g u r e s  1 8 - 2 5 .
S t r a i n  d e t e r m i n a t i o n s  f ro m  t h e s e  e x c e s s  b r o a d e n i n g  
g r a p h s  a r e  t a b u l a t e d  i n  t a b l e  1 .  T h e s e  s t r a i n  v a l u e s  a r e  
t h e  a v e r a g e  v a l u e s  o f  t h o s e  o b t a i n e d  a s s u m i n g  b o t h  a G a u s s i a n  
a n d  a  Cauchy  p r o f i l e  s h a p e .  The m o s t  a c c u r a t e  s t r a i n  v a l u e s  
a r e  t h o s e  o b t a i n e d  u s i n g  m u l t i p l e  o r d e r s  f o r  t h e  t h r e e  
d i r e c t i o n s  jjLOO| , [ l i o ]  a n d  [ i l l ) .  F o r  m o s t  o f  t h e  c u b i c
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o x i d e s  i t  was p o s s i b l e  t o  m e a s u r e  a l l  t h r e e  o f  t h e s e  v a l u e s ,
a n d  t h e s e  a r e  shown t o g e t h e r  w i t h  t h e  mean s t r a i n  v a l u e s .
F o r  a l u m i n a ,  a n d  c h r o m ic  o x i d e  ( a p a r t  f ro m  [ l io ] ) ,  o n l y  mean
s t r a i n  v a l u e s  w e r e  o b t a i n a b l e .  I n  some c a s e s  t h e  m a g n i t u d e s
o f  t h e s e  s t r a i n s  w e re  l a r g e r  t h a n  t h e  s t r a i n s  i n d u c e d  i n
( 6 )m e t a l s  b y  f i l i n g w  .
P l o t s  o f  mean s t r a i n  v e r s u s  h e a t  o f  f o r m a t i o n ,  l a t t i c e  
e n e r g y ,  a n d  h a r d n e s s  a r e  shown i n  f i g u r e s  26 -  2 8 .  T h e r e  
seem s  t o  b e  f a i r  a g r e e m e n t  b e t w e e n  t h e s e  p r o p e r t i e s  a n d  t h e  
mean s t r a i n .  F o r  t h e  o x i d e s  s t u d i e d ,  t h e s e  r e l a t i o n s h i p s  
s u g g e s t  t h a t  f o r  a g i v e n  m i l l i n g  t i m e ,  a l l  o t h e r  f a c t o r s  
b e i n g  e q u a l ,  t h e  g r e a t e r  s t r a i n  i s  s t o r e d  i n  t h e  o x i d e  w i t h  
t h e  l o w e r  h e a t  o f  f o r m a t i o n ,  l o w e r  l a t t i c e  e n e r g y ,  a n d  
s m a l l e r  h a r d n e s s .
F o r  s u c h  a  c o m p a r i s o n  t o  b e  m e a n i n g f u l ,  t h e  f o l l o w i n g  
f a c t o r s  h a v e  t o  be  c o n s i d e r e d .  The mean p a r t i c l e  s i z e s  o f  
a l l  o x i d e s  s h o u l d  n o t  b e  w i d e l y  d i f f e r e n t ,  e s p e c i a l l y  when 
c o n s i d e r i n g  s m a l l  p a r t i c l e s  o f  l e s s  t h a n  lOOoS i n  d i a m e t e r .
The s m a l l e r  t h e  o x i d e  p a r t i c l e  s i z e ,  t h e  more  d i f f i c u l t  i t  i s  
t o  s t r a i n ,  d u e  i n  p a r t  t o  a g g l o m e r a t i o n  o f  p a r t i c l e s  i n  t h e  
m i l l .  S uch  a  c o m p a r i s o n  s h o u l d  s t r i c t l y  b e  made f o r  m a t e r i a l s  
o f  s i m i l a r  b o n d i n g  c h a r a c t e r i s t i c s ,  a n d  u n i t  c e l l  t y p e s .  The 
b o n d i n g  i n  a l l  o x i d e s  c o n s i d e r e d  was  p r e d o m i n a n t l y  i o n i c .
The m a t e r i a l  s h o u l d  n o t  b e  d e f o r m e d  t o  s u c h  a n  e x t e n t  t h a t  
! s t r a i n  s a t u r a t i o n ’ o c c u r s .  F u r t h e r  b a l l - m i l l i n g  t h e n  
p r o d u c e s  no i n c r e a s e  i n  s t r a i n ,  a n d  i n  c e r t a i n  c a s e s  a
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d e c r e a s e  i n  s t r a i n  o c c u r s ,  ( s e e  c h a p t e r  3 ) .
The o n l y  o x i d e  t o  show a n y  a p p r e c i a b l e  c r y s t a l l i t e  s i z e  
b r o a d e n i n g  a t  t h i s  s t a g e  was  t h o r i a , w h i c h  h a d  a mean ' 
c r y s t a l l i t e  s i z e  o f  1 0 0 0 ^  a f t e r  b a l l - m i l l i n g .
E l a s t i c  s t i f f n e s s  a n d  c o m p l i a n c e  c o n s t a n t s  w e re  o n l y  
a v a i l a b l e  f o r  m a g n e s i a ,  a l u m i n a ,  a n d  t h o r i a ,  a n d  t h o s e  f o r  
t h o r i a ^ ^  a n d  m a g n e s i a ^ * ^  a r e  q u o t e d  i n  t a b l e  2 .  The 
c o n s t a n t s  f o r  a l u m i n a  w e re  n o t  o f  u s e ,  s i n c e  t h e  s t r a i n  
v a l u e s  i n  t h e  d i r e c t i o n s  f o r  w h ic h  t h e s e  c o n s t a n t s  w e r e  q u o te d  
w e r e  n o t  a v a i l a b l e .  V a l u e s  o f  Young* s m o d u lu s  i n  £l00| ,
jjLloj a n d  jjLll d i r e c t i o n s  w e re  c a l c u l a t e d  f ro m  t h e s e  e l a s t i c  
c o n s t a n t s ,  ( t a b l e  3)»  u s i n g  t h e  e q u a t i o n s  g i v e n  b e l o w .
V ®  t1103 = V 2  s11+ 1 /2  S12+ 1 A  ^  ^  = 1/Sii
1 / E  j l l l j  = 1 / 3  S1 1 + 2 / 3  S1 2 + 1 / 3
I n  t h e  c a s e  o f  m e t a l s ,  i t  h a s  b e e n  f o u n d  t h a t  t h e  s t r e s s  
f u n c t i o n ,  ( Y o u n g Ts m o d u lu s  j"^  ^  x  s t r a i n  ^  ^  ~ ) ,  s h o u l d
b e  a b o u t  t w i c e  t h e  t e n s i l e  s t r e n g t h .  The s t r e s s  f u n c t i o n s  
f o r  m a g n e s i a  a n d  t h o r i a ,  f o r  t h o s e  d i r e c t i o n s  w h e re  s t r a i n  
v a l u e s  w e re  d e t e r m i n e d  f ro m  m u l t i p l e  o r d e r s ,  a r e  shown i n  
T a b l e  1+. The s t r e s s  f u n c t i o n  v a l u e s  a r e  many t i m e s  g r e a t e r  
t h a n  t h e  t e n s i l e  s t r e n g t h  v a l u e s ;  t h e  s i g n i f i c a n c e  o f  t h i s  
f a c t  i s  c o n s i d e r e d  i n  t h e  d i s c u s s i o n ,  p a g e  1 8 2 .  ^
L e w is  a n d  P e a r s o n , h a v e  shown t h a t  t h e  d e v i a t i o n  o f  
p o i n t s  a b o u t  t h e  mean i n  a  H a l l  p l o t ,  may b e  r e l a t e d  t o  t h e  
e l a s t i c  c o n s t a n t s  a n d  t h e  s h a p e  o f  t h e  c r y s t a l l i t e s .  The 
a n i s o t r o p y  o f  c r y s t a l l i t e  s i z e  i s  c l e a r l y  s e e n  f o r  z i n c  o x id e .
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w h e re  t h e  ( 0 0 1) i n t e r c e p t  on t h e  (3* a x i s  i s  g r e a t e r  t h a n  t h e  
a v e r a g e .  I n  t e r m s  o f  t h e  (3* v e r s u s  d* a n a l y s i s ,  t h i s  i m p l i e s  
a  s m a l l e r  t h a n  a v e r a g e  d i m e n s i o n ,  a n d  a l o w e r  t h a n  a v e r a g e  
s t r a i n  i n  t h e  j~00£j d i r e c t i o n .  T h i s  i s  c o n s i s t e n t  w i t h  t h e  
known m e c h a n i c a l  p r o p e r t i e s ,  n a m e l y ,  t h a t  z i n c  o x i d e  
f r a c t u r e s  e a s i l y  i n  t h e  "basa l  p l a n e .
F o r  e x c e s s  b r o a d e n i n g  i n  t h o r i a ,  t h e  (hOO) r e f l e c t i o n s  
a r e  a s s o c i a t e d  w i t h  a l o w e r  t h a n  a v e r a g e  s t r a i n  a n d  a  s m a l l e r  
t h a n  a v e r a g e  c r y s t a l l i t e  s i z e .  The (h h h )  r e f l e c t i o n s  on t h e  
o t h e r  h a n d  a r e  a s s o c i a t e d  w i t h  a g r e a t e r  t h a n  a v e r a g e  s t r a i n  
a n d  l a r g e r  t h a n  a v e r a g e  c r y s t a l l i t e  s i z e  i n  t h e  l l l l l1—  -Jr
d i r e c t i o n .  The i n t e r p r e t a t i o n  i s  t h a t  t h o r i a  t e n d s  t o  f r a c t u r e
e a s i l y  i n  t h e  ( 1 0 0 )  p l a n e ,  a n d  h e n c e  one w o u l d  e x p e c t  a  l e s s
t h a n  a v e r a g e  c r y s t a l l i t e  s i z e  i n  t h e  !100 j d i r e c t i o n ,  a n d  a
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l e s s  t h a n  a v e r a g e  v a l u e  o f  s t r a i n .  The c o n v e r s e  a p p l i e s  t o  
t h e  | i lX j  d i r e c t i o n ,  a n d  t h e s e  o b s e r v a t i o n s  a r e  c o n s i s t e n t  
w i t h  t h e  m e c h a n i c a l  p r o p e r t i e s  a s  i n d i c a t e d  b y  t h e  e l a s t i c  
c o n s t a n t s .
F o r  m a g n e s i a ,  t h e  s i t u a t i o n  i s  c o m p l e t e l y  r e v e r s e d
ioolT h e r e  i s  a l a r g e r  t h a n  a v e r a g e  c r y s t a l l i t e  s i z e  i n  t h e  
d i r e c t i o n ,  a s s o c i a t e d  w i t h  a l a r g e r  t h a n  a v e r a g e  s t r a i n .  F o r  
t h e  [ i l l ]  d i r e c t i o n ,  a s m a l l e r  t h a n  a v e r a g e  c r y s t a l l i t e  s i z e ,
a n d  a  l o w e r  t h a n  a v e r a g e  s t r a i n  p r e v a i l .  Once a g a i n ,  t h e s e  - 
f a c t s  a r e  c o n s i s t e n t  w i t h  t h e  m e c h a n i c a l  p r o p e r t i e s  a s  i n ­
d i c a t e d  b y  t h e  e l a s t i c  c o n s t a n t s ;  m a g n e s i a ,  i n  common w i t h  
m o s t  c u b i c  m e t a l s  h a s  i t s  maximum v a l u e  o f  Y o u n g ’ s m o d u lu s  i n
t h e  [ l l l j  d i r e c t i o n ,  a n d  a minimum v a l u e  i n  t h e  [loo] d i r e c t i o n ,  
Thus  t h e  f i n d i n g s  o f  P e a r s o n  a n d  L e w is  w e r e  c o n f i r m e d *
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C o n c l u s i o n s
O b s e r v a t i o n s  and. c o n c l u s i o n s  f ro m  t h i s  more d e t a i l e d
s u r v e y  o f  e i g h t  o x i d e s  may h e  s u m m a r i s e d  a s  f o l l o w s :
a )  Prom t h e  (3 v e r s u s  d g r a p h s  f o r  e x c e s s  b r o a d e n i n g ,
i t  i s  s e e n  t h a t  s t r a i n  c a n  b e  i n t r o d u c e d  i n  r e f r a c t o r y  
a n d  o t h e r  o x i d e s  b y  b a l l - m i l l i n g ,  a n d  t h a t  t h i s  s t r a i n  
c a n  be  r e m o v e d  b y  a n n e a l i n g *  T h o r i a  r e t a i n e d  t h e  s t r a i n  
more t h a n  t h e  o t h e r  o x i d e s *
b )  I n  c e r t a i n  c a s e s ,  f o r  ex am p le  m agnes ium  o x i d e ,  t h e  
s t r a i n s  i n d u c e d  a r e  o f  t h e  same o r d e r  o f  m a g n i t u d e  a s  
t h e  s t r a i n s  i n d u c e d  i n  m e t a l s  b y  f i l i n g .
c )  The s t r a i n  i n d u c e d  f o r  a  g i v e n  d e f o r m a t i o n  i s  r e l a t e d  
t o  t h e  h e a t  o f  f o r m a t i o n ,  l a t t i c e  e n e r g y ,  a n d  h a r d n e s s .  
The s m a l l e r  t h e  h e a t  o f  f o r m a t i o n ,  l a t t i c e  e n e r g y ,  a n d  
h a r d n e s s ,  t h e  g r e a t e r  t h e  s t r a i n  i n d u c e d  f o r  a  g i v e n  
d e f o r m a t i o n ,  a l l  o t h e r  f a c t o r s  b e i n g  e q u a l ,
d )  L i n e  b r o a d e n i n g  was o b s e r v e d  i n  a l l  r e f l e c t i o n s  w i t h  
a l l  d e f o r m e d  m a t e r i a l s  e x a m i n e d .  The b r o a d e n i n g  v a r i e d  
f o r  d i f f e r e n t  l i n e s  f ro m  a g i v e n  m a t e r i a l *  T h e se  
v a r i a t i o n s  o f  s t r a i n  a n d  c r y s t a l l i t e  s i z e  w e r e  
c o n s i s t e n t  w i t h  t h e  known m e c h a n i c a l  p r o p e r t i e s  o f  t h o s e ,  
o x i d e s  f o r  w h ic h  s u c h  d a t a  was  a v a i l a b l e .
$ )  F o r  t h e  b a l l - m i l l i n g  a n d  a n n e a l i n g  t r e a t m e n t s  u s e d  i n  
t h i s  s u r v e y ,  l i t t l e  c h a n g e  i n  c r y s t a l  s i z e  was  o b s e r v e d *
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f )  C o l o u r  c h a n g e s  on X - r a y  r a d i a t i o n  w e r e  o b s e r v e d  i n  
c e r t a i n  o x i d e s *  The i n t e n s i t y  o f  t h e s e  c o l o u r a t i o n s  
w ere  r e l a t e d  t o  t h e  d e g r e e  o f  s t r a i n  p r e s e n t *
g )  A n n e a l i n g  t h e  s t r a i n e d  m a t e r i a l  p r o d u c e d  a c a k i n g  e f f e c t :  
t h i s  c a k i n g  e f f e c t  was n o t  o b s e r v e d  w i t h  t h e  u n s t r a i n e d  
m a t e r i a l .
I t  was f e l t  t h a t  t h e  f o l l o w i n g  a s p e c t s  o f  t h e  p r e v i o u s  
r e s u l t s  m e r i t e d  a  more d e t a i l e d  i n v e s t i g a t i o n .
1 .  ( C h a p t e r  2 ) .  A more d e t a i l e d  i n v e s t i g a t i o n  was n e c e s s a r y  
a s  t o  t h e  p r o g r e s s i v e  i n t r o d u c t i o n  o f  s t r a i n ,  a n d  t h e  m anne r  
o f  s t r a i n  r e m o v a l  w i t h  t e m p e r a t u r e .  Cadmium o x i d e ,  t h o r i u m  
o x i d e ,  m agnes ium  o x i d e  a n d  a lu m i n i u m  o x i d e  w e re  s e l e c t e d
f o r  t h i s  w o r k .  Cadmium o x i d e  was  c h o s e n  f o r  i t s  e a s e  o f  
h a n d l i n g ,  l a r g e  d e g r e e  o f  i n d u c e d  s t r a i n ,  a n d  t h e  l o w e r  
t e m p e r a t u r e s  r e q u i r e d  f o r  s t r a i n  r e l i e f ;  m a g n e s i a ,  t h o r i a  
a n d  a l u m i n a  w e r e  s e l e c t e d  b e c a u s e  o f  t h e i r  i m p o r t a n c e ,  due 
t o  t h e i r  r e f r a c t o r y  n a t u r e .
2 .  ( C h a p t e r  3 ) .  -An a s s e s s m e n t  o f  t h e  maximum s t r a i n s ,  
a n d  r e s u l t i n g  e n e r g y  c o n t e n t s ,  t h a t  c o u l d  b e  i n t r o d u c e d  b y  
b a l l - m i l l i n g  w o u ld  be  o f  g r e a t  i n t e r e s t .  Such  s t r a i n  
e n e r g i e s  c o n t r i b u t e  t o w a r d s  t h e  t o t a l  f r e e  e n e r g y ,  t o  
p r o d u c e  a n  o x i d e  o f  e n h a n c e d  a c t i v i t y .  The f o u r  o x i d e s  
m e n t i o n e d  i n  t h e  p r e v i o u s  p a r a g r a p h  w e re  c h o s e n  f o r  t h i s  
a s p e c t ,  f o r  t h e  same r e a s o n s  a s  p r e v i o u s l y  g i v e n .
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3o ( C h a p t e r  i | )  0 The c a k i n g  e f f e c t  m e n t i o n e d  i n  c o n c l u s i o n
g )  d e s e r v e d  c l o s e r  a t t e n t i o n .  I t  was f e l t  t h a t  t h i s  c a k i n g ,  
p r o d u c e d  b y  a n n e a l i n g  a  s t r a i n e d  m a t e r i a l ,  m a rk e d  t h e  
o n s e t  o f  s i n t e r i n g .  I t  was a r g u e d  t h a t  t h i s  was  a n  ex am p le  
o f  t h e  u s e  o f  a s t r a i n  a c t i v a t e d  m a t e r i a l  a n d  d e s e r v e d  
c l o s e r  a t t e n t i o n .
ij.. ( C h a p t e r  5 )*  The e f f e c t  o f  c r y s t a l l i t e  s i z e  on t h e
a b i l i t y  o f  a n  o x i d e  t o  s t o r e  s t r a i n  was a n  unknown q u a i i t y .
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o b s e r v e d .  T h e s e  a r e  m e n t i o n e d  i n  t h e  r e l e v a n t  c h a p t e r s .
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Thorium Oxide
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C h a p t e r  2 .
1A d e t a i l e d  s t u d y  o f  t h e  i n t r o d u c t i o n  a n d  r e l i e f  
o f  s t r a i n  i n  CdO, MgO, ThO^ a n d  a - A l g O ^ 1 .
I n t r o d u c t i o n .
T h i s  c h a p t e r  d e s c r i b e s  a more d e t a i l e d  i n v e s t i g a t i o n  
o f  t h e  p r o g r e s s i v e  i n t r o d u c t i o n  o f  s t r a i n ,  a n d  t h e  m anner  
o f  s t r a i n  r e m o v a l  w i t h  t e m p e r a t u r e .  Cadmium o x i d e ,  t h o r i u m  
o x i d e ,  m ag n es iu m  o x i d e  a n d  a l u m i n i u m  o x i d e  w e r e  s e l e c t e d  
f o r  t h i s  w o r k .  Cadmium o x i d e  was c h o s e n  f o r  i t s  e a s e  o f  
h a n d l i n g ,  l a r g e  d e g r e e  o f  i n d u c e d  s t r a i n ,  a n d  t h e  l o w e r  
t e m p e r a t u r e s  r e q u i r e d  f o r  s t r a i n  r e l i e f ;  m a g n e s i a ,  t h o r i a  
a n d  a l u m i n a  w e re  s e l e c t e d  b e c a u s e  o f  t h e i r  i m p o r t a n c e ,  due 
t o  t h e i r  r e f r a c t o r y  n a t u r e .  F e a t u r e s  o f  i n t e r e s t  w ere  
w h e t h e r  t h e  s t r a i n  r e l i e f  p r o c e s s  was c o n t i n u o u s  w i t h  
t e m p e r a t u r e ,  w h e t h e r  c r y s t a l  g r o w t h  was a s s o c i a t e d  w i t h  
s t r a i n  r e l i e f ,  a n d  w h e t h e r  a n y  s i m i l a r i t i e s  e x i s t e d  w i t h  
t h e  s t r a i n  r e l i e f  p r o c e s s e s  i n  m e t a l s .
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T r e a t m e n t  o f  s p e c i m e n s
a )  S t r a i n  r e l i e f  c h a r a c t e r i s t i c s  f o r  CdO,MgO,ThQg a n d  a -A l^ O ^
The a s - r e c e i v e d  o x i d e s  w e re  a n n e a l e d  t o  r e m o v e  a n y  
s t r a i n  o r  c r y s t a l  s i z e  b r o a d e n i n g  t h a t  was  p r e s e n t  a s  a 
r e s u l t  o f  t h e  m e t h o d  o f  p r e p a r a t i o n .  M a g n e s i a ,  t h o r i a ,  
a n d  a l u m i n a  w e re  a n n e a l e d  t o  a t e m p e r a t u r e  o f  Ii4-0 0 °C ,  w h i l s t  
f o r  cadmium o x i d e ,  a t e m p e r a t u r e  o f  8 0 0 °G p r o d u c e d  a  s h a r p  
d i f f r a c t i o n  p a t t e r n .  E a c h  o f  t h e  f o u r  o x i d e s  was h a l l -  
m i l l e d  i n  an  a g a t e  b a l l - m i l l  f o r  a s u i t a b l e  t i m e  t o  p r o d u c e  
b r o a d e n e d  d i f f r a c t i o n  p a t t e r n s .  T h i s  b r o a d e n i n g ,  on 
a n a l y s i s ,  was f o u n d  t o  be  p r e d o m i n a n t l y  due t o  s t r a i n .
The r e d u c t i o n  o f  t h i s  b r o a d e n i n g  a s  a r e s u l t  o f  a n n e a l i n g  
f o r  one h o u r  a t  v a r i o u s  t e m p e r a t u r e s  was s t u d i e d  f o r  e a c h  
w o r k e d  o x i d e .  ( S p e c i m e n s  w e re  c o o l e d  i n  a i r ,  a s  t h i s  
p r o d u c e d  no  d i f f e r e n c e  i n  p r o f i l e  s h a p e  a s  c o m p a r e d  w i t h  
a s p e c i m e n  t h a t  h a d  b e e n  f u r n a c e  c o o l e d ) .  Cadmium o x i d e  
was  a n n e a l e d  a t  t e m p e r a t u r e s  o f  200°C , 300°C , l4-0 0 °C ,  500°C? 
6 0 0 °C a n d  700°C , a n d  t h e  d i f f r a c t i o n  p a t t e r n s  w e re  r e c o r d e d  
a t  e a c h  t e m p e r a t u r e .  F o r  m a g n e s i a ,  t e m p e r a t u r e s  o f  300°C , 
5 0 0 ° c , 7 0 0 ° c , 9 0 0 ° c , 1100°C , 1 3 0 0 °c  a n d  1500°C w ere  u s e d ,  
w h i l s t  f o r  b o t h  t h o r i a  a n d  a l u m i n a  t e m p e r a t u r e s  o f  230°C , 
5 0 0 ° c , 7 5 0 ° c , 1000°C , 1 2 5 0 °c , 1 3 5 0°C a n d  l i |5 0 °G  w e r e  
s e l e c t e d .  F o r  e a c h  a n n e a l i n g  t r e a t m e n t ,  i n t e g r a l  b r e a d t h s  
w e r e  m e a s u r e d ,  a n d  e x c e s s  b r o a d e n i n g  v a l u e s  c a l c u l a t e d  f o r  
b o t h  G a u s s i a n  a n d  Cauchy  e x c e s s  b r o a d e n i n g  f u n c t i o n s .  The
70
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v a r i a t i o n  o f  t h e  i n t e g r a l  " b r e a d t h s  w i t h  s i n  0 ,  a n d  H a l l  
p l o t s  f o r  G -auss ian  e x c e s s  b r o a d e n i n g  o n l y ,  a r e  shown i n  
f i g u r e s  9 t o  1 6 .  I n s t r u m e n t a l  b r o a d e n i n g  v a l u e s  u s e d  i n  
t h i s  s e c t i o n ,  a n d  f o r  a l l  s u b s e q u e n t  w o rk ,  w e re  t h o s e  
v a l u e s  p r o d u c e d  b y  a n n e a l i n g  t h o r i a  an d  m a g n e s i a  f o r  two 
h o u r s  a t  l 6 0 0 °C ; a l u m i n a  f o r  two h o u r s  a t  l 6 5 0 ° C  ; cadmium 
o x i d e  f o r  one h o u r  a t  800°C .  E a c h  o f  t h e s e  a n n e a l i n g  
t r e a t m e n t s  p r o d u c e d  w e l l  r e s o l v e d  B ra g g  r e f l e c t i o n s  a t  
l o w  v a l u e s  o f  2 0 , ( d + O 0 ) .
b )  I n t r o d u c t i o n  o f  s t r a i n  i n  CdO, a n d  a - A l ^ O ^ .
As m e n t i o n e d  i n  t h e  p r e v i o u s  s e c t i o n ,  a l u m i n a  a n d  
cadmium o x i d e  w e re  a n n e a l e d  t o  p r o d u c e  s t r a i n  f r e e  s a m p l e s .  
F i x e d  c h a r g e s  o f  t h e s e  two o x i d e s  w ere  s e p a r a t e l y  b a l l -  
m i l l e d  i n  a n  a g a t e  b a l l - m i l l  f o r  v a r i o u s  t i m e s  ; f o r  e a c h
m i l l i n g  t i m e ,  t h e  d i f f r a c t i o n  p a t t e r n s  w e r e  r e c o r d e d .
2 * *I n t e g r a l  b r e a d t h  v e r s u s  s i n  0 , a n d  (3 v e r s u s  d  p l o t s  f o r
e x c e s s  G a u s s i a n  b r o a d e n i n g  a r e  shown i n  f i g u r e s  17 t o  2 0 .
(C au ch y  e x c e s s  b r o a d e n i n g  v a l u e s  w e r e  c a l c u l a t e d ,  b u t  a r e
n o t  shown g r a p h i c a l l y  : t h e y  w e r e  s i m i l a r  i n  s h a p e  t o  t h e
G a u s s i a n  p l o t s ,  b u t  h a d  l o w e r  i n t e r c e p t s  on t h e  (3 a x i s ) .
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T r e a t m e n t  o f  r e s u l t s
F o r  a l l  a n n e a l i n g  t r e a t m e n t s  G a u s s i a n  a n d  C au ch y  s t r a i n  
v a l u e s  w e re  m e a s u r e d  f ro m  t h e  r e s p e c t i v e  H a l l  p l o t s .  The 
p e r c e n t a g e  s t r a i n  r e m a i n i n g  i n  e a c h  m a t e r i a l  a f t e r  a  g i v e n  
a n n e a l i n g  t r e a t m e n t ,  i n  t e r m s  o f  t h e  i n i t i a l l y  i n d u c e d  
s t r a i n  o f  t h e  h a l l - m i l l e d  s p e c i m e n ,  was c a l c u l a t e d .  The 
r e l i e f  o f  s t r a i n  w i t h  t e m p e r a t u r e  f o r  m a g n e s i a ,  t h o r i a ,  an d  
a l u m i n a  i s  shown i n  f i g u r e s  1 t o  3 .  (The s t r a i n  r e l i e f  
p o i n t s  a r e  r e p r e s e n t e d  h y  b l a c k  d o t s ) .  A l s o  shown i n  
f i g u r e s  1 t o  3 ? ("by d o t t e d  l i n e s ) ,  i s  t h e  c h a n g e  o f  
c r y s t a l l i t e  s i z e  o c c u r r i n g  d u r i n g  t h e  a n n e a l i n g  t r e a t m e n t s .
The e x t r e m e  v a l u e s  o f  t h e  p o i n t s  on t h e s e  c u r v e s  a r e  f o r  
Cau c h y  a n d  G a u s s i a n  m e a s u r e d  c r y s t a l l i t e  s i z e s .  A 
c o m p i l a t i o n  o f  s t r a i n  r e l i e f  c u r v e s  f o r  cadmium o x i d e ,  t h o r i a ,  
a l u m i n a  a n d  m a g n e s i a  i s  shown i n  f i g u r e  5* The r e l i e f  o f  
s t r a i n  e n e r g y ,  ( d e p e n d e n t  on §  ^ ) ,  f o r  t h e  same o x i d e s  i s  
shown i n  f i g u r e  6 . The r a t e  o f  r e l i e f  o f  s t r a i n ,  a s  
m e a s u r e d  b y  t h e  r a t e  o f  c h a n g e  o f  s l o p e  o f  t h e  s t r a i n  r e l i e f  
c u r v e s  i s  shown f o r  m a g n e s i a ,  t h o r i a ,  a n d  a l u m i n a  i n  f i g u r e  7 .
The v a r i a t i o n  o f  i n d u c e d  s t r a i n  ( b l a c k  d o t s )  an d  
c r y s t a l l i t e  s i z e  ( d o t t e d  l i n e s )  w i t h  m i l l i n g  t i m e ,  f o r  
a l u m i n a ,  i s  shown i n  f i g u r e  U. The e x t r e m e  V a l u e s  o f  t h e _  
p o i n t s  on t h e s e  c u r v e s  a r e  f o r  C auchy  a n d  G a u s s i a n  m e a s u r e d  
v a l u e s .  The v a r i a t i o n  o f  mean s t r a i n  o n l y  w i t h  m i l l i n g  
t i m e  f o r  cadmium o x i d e  and  a l u m i n a  i s  shown i n  f i g u r e  8 .
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C o n c l u s i o n s .
S t r a i n  r e l i e f  c h a r a c t e r i s t i c s  f o r  m a g n e s i a ,  ( f i g u r e  l ) ,
show t h a t  s t r a i n  i s  r e l e a s e d  u n i f o r m l y  f ro m  l(.00OC t o  1000°C ,
a l l  s t r a i n  b e i n g  r em o v ed  b y  1 3 0 0 ° C .  The sh a p e  o f  t h e
s t r a i n  r e l i e f  c u r v e  i s  i n  e x c e l l e n t  a g r e e m e n t  w i t h  t h e
s t r a i n  r e l i e f  c u r v e  f o r  n e u t r o n  i r r a d i a t e d  s i n g l e  c r y s t a l s
( 1 2 )o f  m a g n e s i a ,  o b t a i n e d  b y  B a k e r  e t  a l „ ,  J . C r y s t a l l i t e  
g r o w t h  a p p e a r s  t o  commence a b o u t  700°C an d  t h i s  p r o b a b l y  
a c c o u n t s  f o r  some o f  t h i s  s t r a i n  r e l e a s e .
S t r a i n  r e l i e f  i n  t h o r i a ,  ( f i g u r e  2 ) ,  i s  u n i f o r m  o v e r  
t h e  t e m p e r a t u r e  r a n g e  Ij.OO°C t o  1 3 0 0 ° C ,  a l l  s t r a i n  b e i n g  
r e m o v e d  b y  l6 0 0 °C o  S l i g h t  s t r a i n  r e l i e f  was d e t e c t a b l e  a t  
t h e  low  t e m p e r a t u r e  o f  2 5 0 OC. A d i s c o n t i n u i t y  i n  s t r a i n  
r e l i e f  o c c u r r e d  a t  1300°C a n d  seem ed  t o  b e  a s s o c i a t e d  w i t h  
a  l a r g e  g r o w t h  o f  c r y s t a l l i t e  s i z e .
I n  a l u m i n a ,  ( f i g u r e  3 ) ?  s t r a i n  r e l i e f  o c c u r s  u n i f o r m l y  
o v e r  t h e  r a n g e  UOO°C t o  1 2 0 0 °C ,  a l l  s t r a i n  b e i n g  r e m o v e d  
b y  l 6 0 0 ° C .  C r y s t a l l i t e  g r o w t h  i s  f i r s t  o b s e r v e d  a b o u t  
800°G.
The s h a p e s  o f  t h e  s t r a i n  r e l i e f  c u r v e s ,  t h e  r e l i e f
o f  s t o r e d  e n e r g y  c u r v e s ,  a n d  t h e  c r y s t a l l i t e  g r o w t h  c u r v e s ,
( f i g u r e s  1 , 2 , 3 ? 5 6 ) ,  a r e  v e r y  s i m i l a r  i n  s h a p e  to '  “7
( "381c u r v e s  o b t a i n e d  b y  M i c h e l l  a n d  H a i g ''-5 J , who s t u d i e d  t h e  
r e l i e f  o f  s t r a i n  i n  d e f o rm e d  n i c k e l  p o w d e r .  M i c h e l l  a n d  
Haig- s t u d i e d  t h i s  r e l i e f  o f  s t r a i n  b y  l i n e  b r o a d e n i n g  a n d
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c a l o r i m e t r i c  m e t h o d s ,  a n d  f o u n d  r e a s o n a b l e  a g r e e m e n t  
b e t w e e n  t h e  two m e t h o d s .  A v e r b a c h  e t  a l . , ,  a l s o  
o b t a i n e d  s i m i l a r  s t r a i n  e n e r g y  r e l i e f  c u r v e s  a n d  c r y s t a l l i t e  
g r o w t h  c u r v e s  w h i l s t  s t u d y i n g  t h e  a n n e a l i n g  b e h a v i o u r  o f  
a c o l d - w o r k e d  g o l d - s i l v e r  a l l o y .
The t e m p e r a t u r e s  a t  w h i c h  t h e  s t o r e d  e l a s t i c  s t r a i n  
v a l u e s  a r e  r e d u c e d  t o  50% o f  t h e i r  o r i g i n a l  v a l u e s ,  
( d e t e r m i n e d  f ro m  f i g u r e  5 ) ?  a r e  330°C f o r  cadmium o x i d e  ; 
150°C  f o r  m a g n e s i a  ; 950°C f o r  a l u m i n a ,  a n d  1000°C f o r  
t h o r i a .  The t e m p e r a t u r e s  a t  w h i c h  t h e  s t o r e d  e n e r g i e s  a r e  
r e d u c e d  t o  50%> o f  t h e i r  o r i g i n a l  v a l u e s ,  ( d e t e r m i n e d  f ro m  
f i g u r e  6 ) ,  a r e  170°C f o r  cadmium o x i d e  ,• 550°C f o r  m a g n e s i a  ; 
750°C f o r  a l u m i n a  a n d  700°C f o r  t h o r i a .
No e v i d e n c e  was o b t a i n e d  f ro m  a n y  o f  t h e  t r e a t m e n t s  
t h a t  s t r a i n  r e l i e f  was a s s o c i a t e d  w i t h  l a t t i c e  p a r a m e t e r  
c h a n g e s .
The v a r i a t i o n  o f  i n d u c e d  s t r a i n  a n d  m e a s u r e d  c r y s t a l l i t e  
s i z e  w i t h  b a l l - m i l l i n g  t i m e  f o r  a l u m i n a  i s  shown i n  
f i g u r e  1+ : t h e  v a r i a t i o n  o f  i n d u c e d  s t r a i n  w i t h  b a l l - m i l l i n g  
t i m e  f o r  a l u m i n a  a n d  cadmium o x i d e  b e i n g  shown i n  f i g u r e  8 . 
The g r e a t e s t  i n c r e a s e  i n  s t r a i n  o c c u r s  a t  t i m e s  when t h e  
g r e a t e s t  d e c r e a s e  i n  c r y s t a l l i t e  s i z e  o c c u r s .  I n  f i g u r e "  '8 ' 
"the s t r a i n  v a l u e s  o f  b o t h  cadmium o x i d e  a n d  a l u m i n a  a r e  
t e n d i n g  t o w a r d s  a c o n s t a n t  s a t u r a t i o n  v a l u e .  The s t o r e d  
e n e r g y  a t  s a t u r a t i o n  d e p e n d s  b o t h  on t h e  m a t e r i a l  a n d  t h e
lb
p r o c e s s  o f  d e f o r m a t i o n .  An a l t e r a t i o n  o f  m i l l i n g  
c o n d i t i o n s  s h o u l d  p r o d u c e  d i f f e r e n t  s t r a i n  s a t u r a t i o n  
v a l u e s .
E v i d e n c e  t o  s u p p o r t  t h e  d e v i a t i o n  p a t t e r n s  m e n t i o n e d  
i n  c h a p t e r  1 c a n  he  s e e n  f ro m  a n y  o f  t h e  f i g u r e s  9 t o  2 0 ,  
I n  t h e  g r e a t  m a j o r i t y  o f  c a s e s ,  t h e  s h a p e s  o f  t h e  c u r v e s  
f o r  a n y  s e r i e s  o f  t r e a t m e n t s  a r e  s i m i l a r .  The b r o a d e n i n g  
o f  a n y  (h k £ )  r e f l e c t i o n  w h i c h  i s  l o w e r  t h a n  t h e  mean 
v a l u e ,  i s  c o n s i s t e n t l y  l o w e r  t h a n  t h e  mean v a l u e  f o r  a l l  
t r e a t m e n t s  ; a n d  v i c e  v e r s a  f o r  a r e f l e c t i o n  w i t h  g r e a t e r  
t h a n  a v e r a g e  b r o a d e n i n g .  The d e v i a t i o n ,  b e i n g  c o n s i s t e n t  
a n d  g r e a t e r  t h a n  t h e  e x p e r i m e n t a l  u n c e r t a i n t y  i n  t h e  
l o c a t i o n  o f  p o i n t s ,  f u r t h e r  s u p p o r t s  e v i d e n c e  p r o d u c e d  
b y  L e w is  a n d  P e a r s o n  on d e v i a t i o n  p a t t e r n s .  The 
e x p e r i m e n t a l  u n c e r t a i n t y  i n  t h e  l o c a t i o n  o f  p o i n t s  on a 
H a l l  p l o t  i s  d i s c u s s e d  i n  t h e  e r r o r s  s e c t i o n  o f  t h e  
a p p e n d i c e s ,  p a g e  195*
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A p p l i c a t i o n  o f  d i f f e r e n t i a l  t h e r m a l  a n a l y s i s  t o  s t r a i n
e n e r g y  m e a s u r e m e n t s .
An a t t e m p t  was made t o  f o l l o w  t h e  r e l e a s e  o f  s t r a i n  
e n e r g y  w i t h  t e m p e r a t u r e  u s i n g  t h e  t e c h n i q u e  o f  d i f f e r e n t i a l  
t h e r m a l  a n a l y s i s  ( D . T . A ) .  I n  t h i s  t e c h n i q u e  t h e  c h a n g e  i n  
h e a t  c o n t e n t  o f  a s am p le  i s  m e a s u r e d  a s  i t  i s  h e a t e d  a t  a 
u n i f o r m  r a t e ^ ^ .
The m ethod  i s  p e r f o r m e d  h y  p o s i t i o n i n g  t h e  s a m p le  t o  
h e  t e s t e d ,  an d  a t h e r m a l l y  i n e r t  r e f e r e n c e  m a t e r i a l ,  i n  a 
f u r n a c e ,  so  t h a t  t h e y  r e c e i v e  a n  i d e n t i c a l  h e a t  i n p u t .
The t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  s am p le  a n d  t h e  
r e f e r e n c e  i s  m e a s u r e d  h y  a  d i f f e r e n t i a l  t h e r m o c o u p l e  s y s t e m  
i n c o r p o r a t i n g  a h i g h  p e r f o r m a n c e  D.C„ a m p l i f i e r .  The 
d i f f e r e n t i a l  s i g n a l ,  ( A T ) ,  a n d  t h e  s i g n a l  f ro m  t h e  t h e r m o ­
c o u p l e  j u n c t i o n  i n  t h e  sam p le  ( T ) ,  a r e  m o n i t o r e d  u s i n g  a 
p o t e n t i o m e t r i e  r e c o r d e r ,
When no  r e a c t i o n  i s  t a k i n g  p l a c e  i n  t h e  s a m p l e ,  t h e r e  
w i l l  h e  no t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  s am p le  a n d  r e f e r e n c e ,  
a n d  a  f l a t  b a s e l i n e  w i l l  he  g i v e n .  When an  e n d o t h e r m i c  
r e a c t i o n ,  e . g .  a  f u s i o n  o r  d e h y d r a t i o n  r e a c t i o n ,  t a k e s  p l a c e  
t h e  s a m p le  t e m p e r a t u r e  w i l l  d r o p  b e l o w  t h a t  o f  t h e  r e f e r e n c e ,  
g i v i n g  r i s e  t o  a p e a k  on t h e  A T  r e c o r d ,  t h e  o r i g i n a l  b a s e ­
l i n e  b e i n g  r e g a i n e d  a f t e r  t h e  r e a c t i o n  i s  c o m p l e t e .
S i m i l a r l y  a n  e x o t h e r m i c  r e a c t i o n  w i l l  p r o d u c e  a p e a k  i n  t h e
\
o p p o s i t e  d i r e c t i o n .
The t e c h n i q u e  i s  n o r m a l l y  u s e d  t o  f o l l o w  t h e  c o u r s e  o f
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c h e m i c a l  d e c o m p o s i t i o n  r e a c t i o n s  a n d  i n  t h e  s t u d y  o f  h i g h  
t e m p e r a t u r e  p h a s e  c h a n g e s .  U s in g  s u i t a b l e  i n s t r u m e n t a t i o n ,  
d i f f e r e n t i a l  t e m p e r a t u r e s  o f  0„01°C  o r  l o w e r  c a n  be  d e t e c t e d .
I n  t h e  p r e s e n t  work  a S t a n t o n  625 D . T . A . a p p a r a t u s  was 
u s e d  t o  r e c o r d  D 0T 0A 0 c u r v e s  f o r  t h e  f o u r  s t r a i n e d  o x i d e s  
u n d e r  c o n s i d e r a t i o n ,  n a m e ly  cadmium o x i d e ,  m a g n e s i a ,  t h o r i a  
a n d  a - a l u m i n a .  As t h e  s t r a i n  e n e r g i e s  a r e  e q u i v a l e n t  t o  
s m a l l  h e a t  q u a n t i t i e s ,  e a c h  o f  t h e s e  o x i d e s  was  u s e d  i n  a 
h i g h l y  s t r a i n e d  c o n d i t i o n .  The b a l l - m i l l e d  s p e c i m e n s  w i t h  
t h e  h i g h  s t o r e d  s t r a i n  e n e r g i e s  m e n t i o n e d  i n  c h a p t e r  3 h a v e  
b e e n  u s e d  ; ( m a g n e s i a ,  w i t h  a s t o r e d  s t r a i n  e n e r g y  o f  20 
c a l o r i e s / g r a m ,  f o r  e x a m p l e ) .  Sam ple  w e i g h t s  i n  t h e  r e g i o n  
o f  1+Omg w e re  u s e d ,  h e a t e d  a t  1 0 ° C / m i n ,  u s i n g  a s e n s i t i v i t y  
o f  2 . 5 M y / i n c h .
I t  was  n o t  f o u n d  p o s s i b l e  t o  d e t e c t  a n y  e x o t h e r m i c  
r e g i o n s  c o r r e s p o n d i n g  t o  t h e  r e l e a s e  o f  s t r a i n  e n e r g y .  T h i s  
was  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  r e l a t i v e l y  s m a l l  am ount  
o f  e n e r g y  i n v o l v e d  i n  e a c h  c a s e  i s  r e l e a s e d  s m o o t h l y  o v e r  a 
w id e  t e m p e r a t u r e  r a n g e ,  so  t h a t  t h e  s am p le  t e m p e r a t u r e  n e v e r  
b e c o m e s  m e a s u r a b l y  d i f f e r e n t  f ro m  t h a t  o f  t h e  r e f e r e n c e .  • 
T h i s  e v i d e n c e  s u p p o r t s  t h e  X - r a y  l i n e  b r o a d e n i n g  r e s u l t s ,  
t h a t  s t r a i n  i s  r e l e a s e d  u n i f o r m l y  w i t h  t e m p e r a t u r e , ( p a g e . ~ & 2 ) .
T h i s  c o n c l u s i o n  i s  i n  a c c o r d a n c e  w i t h  t h e  work o f  
R oux  ^51)  ? on -{-he m e a s u re m e n t  ( b y  t h e r m a l  m e t h o d s )  o f  t h e  
r e l e a s e  w i t h  t e m p e r a t u r e  o f  W igner  e n e r g y  i n  n e u t r o n  
i r r a d i a t e d  b e r y l l i u m  o x i d e .  U s i n g  a v e r y  h i g h  s e n s i t i v i t y
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d i f f e r e n t i a l  c a l o r i m e t e r  c a p a b l e  o f  d e t e c t i n g  2 x  lcT^caH/sec . , . ,  
he  was  u n a b l e  t o  d e t e c t  a n y  e n e r g y  r e l e a s e  u p  t o  1 2 0 0 °C,  
a l t h o u g h  i t  h a d  b e e n  p r e v i o u s l y  shown t h a t  a l l  t h e  e n e r g y ,
( o f  t h e  o r d e r  o f  2 0 c a l / g m ,  a n d  o f  t h e  same o r d e r  o f  m a g n i t u d e  
a s  t h e  s t o r e d  e n e r g y  i n  m a g n e s i a ,  s e e  p a g e  1 0 5 ) ,  h a d  b e e n  
r e m o v e d  b y  t h i s  t e m p e r a t u r e .
S i n c e  t h e  a p p e a r a n c e  o f  a D 0T 0A 0 p e a k  d e p e n d s  on a 
b u i l d  up  o f  a t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  s a m p le  a n d  
r e f e r e n c e ,  t h e  h i g h e r  t h e  h e a t i n g  r a t e  t h e  g r e a t e r  w i l l  be  
t h e  A T e f f e c t  r e c o r d e d ,  R o u x  i n  h i s  work  was e v e n t u a l l y  
a b l e  t o  d e t e c t  a n d  m e a s u re  t h e  W ig n e r  e n e r g y  b y  p l u n g i n g  
t h e  sam p le  i n t o  t h e  c a l o r i m e t e r  p r e h e a t e d  t o  1 2 0 0 ° C .  T h i s  
e n s u r e d  t h a t  t h e  r a t e  o f  h e a t i n g  i n  t h e  s am p le  was v e r y  
f a s t  so  t h a t  t h e  e n e r g y  was r e l e a s e d  o v e r  a s h o r t  p e r i o d .
F u r t h e r  w o r k ,  u s i n g  a DuPont  900 D .T .A .  a p p a r a t u s  h a v i n g  
a  h e a t i n g  r a t e  o f  2 0 °C /m in  a n d  a s e n s i t i v i t y  o f  0 . 2 ° C / i n c h ,  
was p e r f o r m e d  on s t r a i n e d  m ag n es iu m  o x i d e .  T h e s e  r e s u l t s  
showed t h e  e x i s t e n c e  o f  a n  e x o t h e r m i c  p e a k  f ro m  1|00°C t o  
7 5 0 ° C ,  w i t h  a  maximum a t  5 3 0 ° C .  The maximum r a t e  o f  r e l e a s e  
o f  s t r a i n  e n e r g y  a s  d e t e r m i n e d  b y  X - r a y  l i n e  b r o a d e n i n g  
m e th o d s  o c c u r r e d  a t  5 5 0 ° C .  W h i le  f u r t h e r  e x p e r i m e n t s  w o u ld  
b e  n e c e s s a r y  t o  e s t a b l i s h  t h a t  t h i s  i s  e n t i r e l y  due  t o  
s t r a i n  e n e r g y  r e l e a s e ,  i t  d o e s  p r o v i d e  some i n d i c a t i o n  
t h a t  g i v e n  a h i g h  e n o u g h  h e a t i n g  r a t e ,  t h e  m e th o d  o f  D .T .A ,  
c o u l d  b e  s u c c e s s f u l l y  a p p l i e d  t o  p r o b l e m s  o f  t h i s  t y p e .
F i g . l  S t r a i n  r e l i e f  end  c r y s t a l  g r o w t h  f o r  MgO
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mean s t r a i n
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F i g .  8
The v a r i a t i o n  o f  mean s t r a i n
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Fig.11 Magnesium Oxide
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Fig.12 Magnesium Oxide
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Fig .16 oC-Aluminium Oxide
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Fig.20 cA -Aluminium Oxide
A v . O L  f o r  e x c e s s  b r o a d e n i n g ,  a s s u m i n g  a G a u s s i a n  
' p r o f i l e  s h a p e .  S p e c im e n s  w o rk e d  f o r  v a r i o u s
t i m e s  i n  a n  a g a t e  b a l l - m i l l .
0.2
O  rov ^  VO ^  O
O  rH rH CN H  CN K>
rH rH rH O  rH rH O
0.4 0.6 0.8
O
rH
*%
vO C\i CH
OH rH
0 . 0 0 4
4 h o u r s
2 h o u r s
- 0 .002
- 0 . 0 0 1 5 m i n u t
As r e c e i v e d
T r
1.0
d *
96
C h a p t e r  3 .
’S a t u r a t i o n  s t r a i n  a n d  s t o r e d  e n e r g y  v a l u e s  
f o r  cadmium o x i d e , m a g n e s i a ,  t h o r i a  a n d  
a - a l u m i n a  ?
I n t r o d u c t i o n ,
A c o n c l u s i o n  f ro m  t h e  work  o f  c h a p t e r  1 was  t h a t  
s t r a i n s  c o u l d  h e  i n t r o d u c e d  i n  r e f r a c t o r y  o x i d e s  i n  e x c e s s  
o f  t h o s e  i n t r o d u c e d  i n  m e t a l s  h y  f i l i n g .  An a s s e s s m e n t  
o f  t h e  maximum s t r a i n s ,  a n d  r e s u l t i n g  s t o r e d  e n e r g i e s  
i n t r o d u c e d  h y  h a l l - m i l l i n g  i n  t h e s e  o x i d e s  i s  o f  g r e a t  
i n t e r e s t  ; s u c h  s t r a i n  e n e r g i e s  c o n t r i b u t e  t o w a r d s  t h e  
t o t a l  f r e e  e n e r g y ,  t o  p r o d u c e  a n  o x i d e  o f  e n h a n c e d  
a c t i v i t y .  M a g n e s i a ,  t h o r i a ,  a l u m i n a  a n d  cadmium o x i d e  
w e r e  s e l e c t e d  f o r  t h i s  s t u d y  f o r  t h e  r e a s o n s  g i v e h  i n  
c h a p t e r  2 .
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T r e a t m e n t  o f  s p e c i m e n s
The a s  r e c e i v e d  o x i d e s  w e re  a n n e a l e d  t o  p r o d u c e  
s t r a i n  f r e e  s a m p l e s .  A n n e a l i n g  t e m p e r a t u r e s  o f  1Lj.0 0 oC 
w e re  u s e d  f o r  m a g n e s i a ,  t h o r i a ,  an d  a l u m i n a ,  a n d  800°C 
f o r  cadmium o x i d e .  Now t h e  s m a l l e r  t h e  m i l l e d  c h a r g e  t h e  
g r e a t e r  t h e  c h a n c e  o f  a . p a r t i c u l a r  p a r t i c l e  b e i n g  i n c l u d e d  
i n  t h e  g r i n d i n g  p r o c e s s .  T h e r e f o r e  a s m a l l  c h a r g e  o f  
cadmium o x i d e ,  (2  g r a m s ) ,  was h a l l - m i l l e d  f o r  2+ h o u r s  
i n  a n  a g a t e  g r i n d i n g  c y l i n d e r  w i t h  two h a l l  p e s t l e s ,  u s i n g  
t h e  G le n  C r e s t o n  m i l l .  As m e n t i o n e d  i n  c h a p t e r  1 ,  c a r e  
was t a k e n  t o  s c r a p e  t h e  w a l l s  a n d  b o t t o m  o f  t h e  m i l l  a t  
r e g u l a r  i n t e r v a l s  t o  a v o i d  a g g l o m e r a t i o n  o f  t h e  o x i d e .
The d i f f r a c t i o n  p a t t e r n  o f  t h e  m i l l e d  s am p le  was 
r e c o r d e d .  E x c e s s  b r o a d e n i n g  v a l u e s  w e re  c a l c u l a t e d  f o r  
b o t h  G a u s s i a n  a n d  Cauchy  p r o f i l e  s h a p e s .  T h e s e  p r o c e d u r e s  
w e re  r e p e a t e d  f o r  m a g n e s i a ,  t h o r i a  a n d  a l u m i n a .  The 
i n s t r u m e n t a l  b r o a d e n i n g  v a l u e s  u s e d  w e re  t h o s e  l i s t e d  i n  
c h a p t e r  2 .  The m e a s u r e d  i n t e g r a l  b r e a d t h s  a n d  H a l l  p l o t s  
f o r  e x c e s s  G a u s s i a n  b r o a d e n i n g  f o r  t h e s e  f o u r  o x i d e s  a r e  
shown i n  f i g u r e s  3 a n d  2+.
A s i m i l a r  i n v e s t i g a t i o n  was t h e n  p e r f o r m e d  on a l u m i n a  
a n d  m a g n e s i a  u s i n g  a s t e e l  m i l l  i n s t e a d  o f  a n  a g a t e  m i l l .  
B a l l - m i l l i n g  t i m e s  o f  t w e n t y  h o u r s  w ere  u s e d  i n  b o t h  c a s e s .  
I n t e g r a l  b r e a d t h s  a n d  H a l l  p l o t s  a r e  shown i n  f i g u r e s  
3 a n d  6 .
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Pow der  p h o t o g r a p h s  o f  t h e s e  h i g h l y  s t r a i n e d  a n d  
u n s t r a i n e d  o x i d e s  a r e  shown i n  f i g u r e s  1 a n d  2 .  T h e s e  
c l e a r l y  show t h e  l a r g e  d e g r e e  o f  b r o a d e n i n g  a s s o c i a t e d  
w i t h  t h e  h i g h  2 0 r e f l e c t i o n s .
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F i g . l  Powder  p h o t o g r a p h s  o f  s t r a i n e d  an d  u n s t r a i n e d  o x i d e s .
o
a)  Magnesium O x i d e ,  a n n e a l e d  1600 C -  s t r a i n  f r e e .
b)  Magnesium O x i d e ,  b a l l - m i l l e d  4 h o u r s  ( a g a t e  m i l l ) .
■ I
c)  Cadmium O x i d e ,  a n n e a l e d  800°C -  s t r a i n  f r e e
Y
d) Cadmium O x i d e ,  b a l l - m i l l e d  4 h o u r s  ( a g a t e  m i l l )
g . 2  Powder  p h o t o g r a p h s  o f  s t r a i n e d  an d  u n s t r a i n e d  o x i d e s .
a )  A lu m in a ,  a n n e a l e d  I 650 C s t r a i n  f r e e
b)  A lu m in a ,  b a l l - m i l l e d  4 h o u r s  ( a g a t e  m i l l )
c) A lu m ih a ,  b a l l - m i l l e d  20 h o u r s  ( s t e e l  m i l l ) .
d) T h or ium  O x i d e ,  a n n e a l e d  1600°C -  s t r a i n  f r e e .
e)  T h o r iu m  O x i d e ,  b a l l - m i l l e d  4 h o u r s  ( a g a t e  m i l l ) .
101
R e s u i t s
Mean s t r a i n  v a l u e s  a n d  m e a s u r e d  c r y s t a l l i t e  s i z e s  f o r  
CdO, MgO, ThO^ a n d  Al^O-^, " b a l l - m i l l e d  f o r  I| h o u r s ,  a r e  shown 
i n  t a b l e s  1 a n d  2 .  T h e se  q u a n t i t i e s  f o r  MgO a n d  
" b a l l - m i l l e d  f o r  t w e n t y  h o u r s  a r e  s h o r n  i n  t a b l e s  3 a n d  U.
F o r  e a c h  s t r a i n  v a l u e ,  t h e  c o r r e s p o n d i n g  e l a s t i c  s t o r e d  
s t r a i n  e n e r g y  v a l u e - w a s  c a l c u l a t e d  b y  F a u l k n e r f s m e th o d ,  D J , 
( s e e  a p p e n d i c e s ) ,  e x c e p t  i n  t h e  c a s e  o f  CdO w h e re  e l a s t i c  
c o n s t a n t s  w ere  n o t  a v a i l a b l e . The t e m p e r a t u r e  r i s e  t h a t  
w o u ld  o c c u r  i f  t h i s  s t r a i n  w e re  r e l e a s e d  was  c a l c u l a t e d .
The s u r f a c e  a r e a  h a v i n g  t h e  same e n e r g y  v a l u e  a s  t h e  s t o r e d  
s t r a i n  e n e r g y  was  c a l c u l a t e d ,  s e e  t a b l e s  1 a n d  3»
F o r  e a c h  m e a s u r e d  c r y s t a l l i t e  s i z e ,  t h e  s u r f a c e  e n e r g y
was  c a l c u l a t e d ,  a s s u m i n g  t h a t  t h e  c r y s t a l l i t e s  w e r e  s p h e r e s
2 2 o f  s u r f a c e  e n e r g y  1000 e r g s / c m  , (1 1 5 0  e r g s / c m  f o r  t h o r i a ) ,
s e e  t a b l e s  2 a n d  l+.
From t h e s e  r e s u l t s  i t  c a n  b e  s e e n  t h a t  v e r y  l a r g e  
l a t t i c e  s t r a i n s  c a n  b e  i n d u c e d  i n  r e f r a c t o r y  o x i d e s  b y  
b a l l - m i l l i n g  m e t h o d s .  The s t r a i n  v a l u e s  o b t a i n e d  a f t e r  
f o u r  h o u r s  b a l l - m i l l i n g  show t h a t  t h e r e  i s  no  i n c r e a s e  o f  
s t r a i n  i n  cadmium o x i d e  a s  c o m p a re d  w i t h  t h e  v a l u e  o b t a i n e d  
i n  t h e  i n i t i a l  s u r v e y  o f  e i g h t  o x i d e s  ; s t r a i n  s a t u r a t i o n  
h a s  o c c u r r e d .  F o r  m a g n e s i a ,  a l u m i n a  a n d  t h o r i a ,  l a r g e  
i n c r e a s e s  i n  s t r a i n  h a v e  o c c u r r e d .  A f t e r  t w e n t y  h o u r s  
m i l l i n g ,  m agnes ium  o x i d e  h a s  become s t r a i n  s a t u r a t e d  ; t h e  .
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a l u m i n a  s t r a i n  v a l u e  h a s  h o w e v e r  c o n t i n u e d  t o  i n c r e a s e .
Thus  w h i l s t  f o r  a g i v e n  p e r i o d  o f  d e f o r m a t i o n ,  ( a s s u m i n g  
s t r a i n  s a t u r a t i o n  h a s  n o t  o c c u r r e d ) ,  t h e  g r e a t e r  s t r a i n  i s  
s t o r e d  i n  t h e  m a t e r i a l  o f  l o w e r  h e a t  o f  f o r m a t i o n ,  ( C h a p t e r  1 
r e s u l t s ) ,  i t  w o u ld  seem t h a t  f o r  s a t u r a t i o n  s t r a i n  v a l u e s  
t h e  s i t u a t i o n  i s  r e v e r s e d .  The o x i d e  w i t h  t h e  g r e a t e r  
h e a t  o f  f o r m a t i o n  a n d  l a t t i c e  e n e r g y  w i l l  u l t i m a t e l y  s t o r e  
more e n e r g y  t h a n  t h e  o x i d e  w i t h  t h e  l o w e r  h e a t  o f  f o r m a t i o n  
a n d  l a t t i c e  e n e r g y .
T h e s e  s t r a i n s  i n  many c a s e s  a r e  s e v e r a l  t i m e s  l a r g e r
t h a n  t h e  s t r a i n s  i n d u c e d  i n  m e t a l s  b y  f i l i n g .  F o r  f i l e d
(3 5 )m olybdenum ,  A g n i h o t r i  J o b t a i n e d  s t r a i n  v a l u e s  o f  0 .0 0 3 ?  
f ro m  H a l l  p l o t s .  T h i s  i s  one q u a r t e r  o f  t h e  s t r a i n  v a l u e  
o f  0 . 0 1 2  o b t a i n e d  i n  b a l l - m i l l e d  m a g n e s i a ,  ( t a b l e  l ) .
I t  i s  t o  be  e x p e c t e d  f ro m  t h e  s t r a i n  r e s u l t s  t h a t  t h e  
s t o r e d  e l a s t i c  s t r a i n  e n e r g y  v a l u e s  w i l l  be  l a r g e .  T h i s  
i s  b o r n e  o u t  when c o n s i d e r i n g  m a g n e s i a ,  w h e re  a c a l c u l a t e d  
s t o r e d  s t r a i n  e n e r g y  o f  21 c a l o r i e s / g r a m . ,  i s  shown,
( t a b l e  l ) .  T h i s  v a l u e  i s  a l m o s t  100 t i m e s ,  o r  two o r d e r s  
o f  m a g n i t u d e  g r e a t e r  t h a n  t h e  X - r a y  m e a s u r e d  s t r a i n  e n e r g i e s  
i n  A g n i h o t r i * s  w o rk  on f i l e d  molybdenum, ( 0 . 2 2  c a l s / g r a m ) .  
S i m i l a r  o b s e r v a t i o n s  c a n  be  s e e n  f o r  t h o r i a  a n d  a l u m i n a  i f  
maximum s t r a i n  a n d  s t o r e d  e n e r g y  v a l u e s  a r e  s e l e c t e d  f ro m  
t a b l e s  1 a n d  3» S i m i l a r  l a r g e  s t o r e d  e n e r g y  v a l u e s  w ere  
o b t a i n e d  b y  P a t t e r s o n ^ 1^  w o r k i n g  w i t h  h y d r o s t a t i c a l l y  
c o m p r e s s e d  c a l c i t e ,  P a t t e r s o n  o b t a i n e d  s t o r e d  e n e r g y  v a l u e s
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i n  t h e  r a n g e  3 t o  10 c a l o r i e s / g r a m e I t  i s  i n t e r e s t i n g  t o  
n o t e  t h a t  t h e s e  s t o r e d  e n e r g y  v a l u e s  a r e  o f  t h e  o r d e r  o f  
m a g n i t u d e  o f  1% o f  t h e  r e s p e c t i v e  h e a t s  o f  f o r m a t i o n „
F o r  a l l  t h e s e  h e a v i l y  m i l l e d  s p e c i m e n s ,  t h e  s t o r e d
s t r a i n  e n e r g i e s  a r e  a t  l e a s t  t h e  same o r d e r  o f  m a g n i t u d e  
a s  t h e  s u r f a c e  e n e r g y  o f  t h e  c r y s t a l l i t e s ,  a n d  i n  t h e  
m a j o r i t y  o f  c a s e s ,  many t i m e s  g r e a t e r .  I n  m a g n e s i a ,  f o r  
e x a m p l e ,  t h e  mean s t o r e d  s t r a i n  e n e r g y  i s  a t  l e a s t  f i v e  
t i m e s  g r e a t e r  t h a n  t h e  s u r f a c e  e n e r g y ,  ( a s s u m i n g  a G a u s s i a n  
c r y s t a l l i t e  s i z e ) ,  a n d  may he a s  much a s  f o r t y  t i m e s  g r e a t e r  
i f  a  Cauchy c r y s t a l l i t e  s i z e  i s  a s s u m e d .  (The  v a l u e s  h a v e  
"been c a l c u l a t e d  on t h e  a s s u m p t i o n  t h a t  t h e  c r y s t a l l i t e
s i z e  i s  s i m i l a r  t o  t h e  p a r t i c l e  s i z e .  T h i s  seem s t o  he  a
v a l i d  a s s u m p t i o n  f o r  t h e  i o n i c  o x i d e s  e x a m i n e d ,  s e e  
c h a p t e r  5 )«  T h i s  f a c t  i s  o f  g r e a t  i n t e r e s t  a n d  s h o u l d  he  
c o n t r a s t e d  w i t h  t h e  p r o d u c t i o n  o f  f i n e  a c t i v e  o x i d e  p a r t i c l e s  
f o r  s i n t e r i n g  w o r k ,  h y  c h e m i c a l  d e c o m p o s i t i o n .  S uch  
c h e m i c a l l y  p r e p a r e d  o x i d e  p a r t i c l e s  r a r e l y  c o n t a i n  l a r g e  
s t r a i n  e n e r g i e s  ; u s u a l l y  t h e  s t r a i n  e n e r g y  i s  o f  t h e  o r d e r  
o f  1% o f  t h e  s u r f a c e  e n e r g y ,  ( W i l l i a m s ^
F o r  e a c h  s t r a i n  v a l u e  t h e  c o r r e s p o n d i n g  s t r e s s  f u n c t i o n
h a s  h e e n  c a l c u l a t e d ,  a n d  t h e s e  v a l u e s  t o g e t h e r  w i t h - t h e
t e n s i l e  s t r e n g t h s  a r e  shown i n  t a b l e s  5 a n d  6 .  I n  t h e
(S 3)c a s e  o f  m e t a l s .  S m i t h  a n d  S t i c k l e y  '  r e p o r t e d  t h a t  t h e  
s t r e s s  f u n c t i o n  s h o u l d  he  o f  t h e  o r d e r  o f  t w i c e  t h e  t e n s i l e
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s t r e n g t h .  I n  t h e  c a s e  o f  m a g n e s i a ,  t h e  s t r e s s  f u n c t i o n  
i s  o f  t h e  o r d e r  o f  25 t i m e s  t h e  t e n s i l e  s t r e n g t h  ; t h i s  
i s  i n  a g r e e m e n t  w i t h  t h e  r e s u l t s  on a l k a l i  h a l i d e s  
o b t a i n e d ,  b y  P e a r  so n  M i e h e l l  a n d  H a i g ^ ^  h o w e v e r ,
w h i l s t  w o r k i n g  on n i c k e l ,  showed b y  X - r a y  a n d  c a l o r i m e t r i c  
m e th o d s  t h a t  t h e  a v e r a g e  d e f o r m a t i o n  i n  a pow der  i s  
c o n s i d e r a b l y  g r e a t e r  t h a n  i n  a  s o l i d  s p e c im e n  d e f o r m e d  
a l m o s t  t o  f r a c t u r e  b y  t o r s i o n .
An i n t e r p r e t a t i o n  o f  t h e s e  l a r g e  s t r e s s  f u n c t i o n  
v a l u e s  i s  g i v e n  i n  t h e  d i s c u s s i o n  on p a g e  1 8 2 ,
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CdO, MgO, ThOg and a-Al^O^, "ball milled for U hours
!
i n  an a g a t e  m i l l .  j
- -  -    . 1 , |
T a b l e  1 .  S t r a i n  e n e r g y  r e s u l t s .
O x ide Mean s t r a i n  
a s  
m i l l e d
S t r a i n  e n e r g y T e m p . r i s e  
i f  s t r a i n  
r e l e a s e d
E q u i v a l e n t
s u r f a c e
a r e a
c r y s t a l
s i z e
-------- ----------- --------------T----------------------------
^ x l O ^  j c a l s /
! gram
j
k . c a l s /  
mol o °C
2
m / g m . £
A12°3 3 .k 2 . 9 0 . 3 17 1 2 . 1 1300
CdO 7 . 5 - - - - -
MgO ' 1 2 . 0 2 1 . 0 0 . 9 100 8 7 . 8 190
T h02 1 0 . 2 1 1 . 2 3 . 0 193 U o .7 150
T a b l e  2 .  C r y s t a l l i t e  s i z e  r e s u l t s .
O xide D i s t r i b u t i o n
f u n c t i o n
-
M e a s u r e d
c r y s t a l
s i z e
I
E q u i v a l e n t | E q u i v a l e n t  
s u r f a c e  | s u r f a c e  
a r e a  j e n e r g y
T e m p . r i s e  i f  
a r e a  e n e r g y  
r e l e a s e d
...
X 2 /m /gm c a l s . / g m . °C
■^ •IpO-v G a u s s i a n 830 I 8 . 5 i+.O 23
^  J C auchy 5000 3 . 1 0 . 7 h
CdO G a u s s i a n 830 8 . 8 — —
' Cauchy 1670
MgO G a u s s i a n 830 2 0 . 1 U .8 23
Cauchy 10000 1 . 7 o .U 2
Th0o Gaus s i a n 600 1 0 . 0 2 .7 h icL Cauchy 1000 6 . 0 1 . 6
i
28
l w. i n.1. 11 1 in ....  ■ ■ v r . 1.
MgO and a-Al^O^, tall milled for 20 hours in a steel mill.
T a b l e  3* S t r a i n  e n e r g y  r e s u l t s .
O xide Mean s t r a i n S t r a i n  e n e r g y T e m p . r i s e E q u i v a l e n t
a s
m i l l e d
i f  s t r a i n  
r e l e a s e d
s u r f a c e
a r e a
c r y s t a l
s i z e
^ x l O ^ c a l s /
gram
k . c a l s /  
m o l . °C rn^/gm . £
a i 2o^ 6 . 8 1 1 . 6 1 . 2 67 1+8.5 320
MgO 8 . 1 9 .6 0.1+ 1+6 1+0.0 1+20
T a b l e  1+. C r y s t a l l i t e  s i z e  r e s u l t s .
Oxide D i s t r i b u t i o n
f u n c t i o n
M e a su re d
c r y s t a l
s i z e
E q u i v a l e n t
s u r f a c e
a r e a
E q u i v a l e n t
s u r f a c e
e n e r g y
T e m p . r i s e  i f  
a r e a  e n e r g y  
r e l e a s e d
s. m2/g m c a l s . / g m .
A1 /-) 0-7 G-auss ian 220 71 15.1+ 89^ j C auchy 250 62 13.1+ 77
MgO G -auss ian 250 67 1 6 .0 r  7 ?
C auchy 390 1+3 1 0 . 3 U9
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M e a s u r e d  s t r a i n ,  s t r e s s  f u n c t i o n ,  a n d  t e n s i l e  s t r e n g t h
a n d  t h o r i a .
T a b l e  5* 4  h o u r s  m i l l i n g ,  a g a t e  m i l l .
S t r a i n  
§ x lO ^
S t r e s s  f u n c t i o n  
x lO ^  d y n e s / c m 2 °
T e n s i l e  s t r e n g t h
8 2 x lO  d y n e s / c m  .
A12 ° 3 3 . 4 122 2 6 .0
MgO 1 2 . 0 252 9 . 7
Th02 , 1 0 . 2 133 9 . 7
T a b l e  6 . 20 h o u r s  m i l l i n g ,  s t e e l  m i l l .
S t r a i n S t r e s s  f u n c t i o n T e n s i l e  s t r e n g t h
Sxicr3 x lO ^  d y n e s / c m 2 o x lO ^  d y n e s / c m 2 .
A l o0^ 2 3 6 . 8 2^3 2 6 .0
MgO 8 . 1 170 9 . 7
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C o n c l u s i o n s
The r e s u l t s  o f  t h i s  c h a p t e r  h a v e  shown t h a t  b y  
s u i t a b l e  c h o i c e  o f  m i l l i n g  c o n d i t i o n s  s t r a i n s  i n d u c e d  i n  
r e f r a c t o r y  o x i d e s  c a n  be  a n  o r d e r  o f  m a g n i t u d e  g r e a t e r  
t h a n  t h e  s t r a i n s  i n d u c e d  i n  m e t a l s  b y  f i l i n g .  The 
r e s u l t i n g  s t o r e d  e n e r g y  v a l u e s ,  s e v e r a l  c a l o r i e s  p e r  g ra m ,  
w e re  up t o  one h u n d r e d  t i m e s  g r e a t e r  t h a n  t h o s e  o b t a i n e d  
i n  c o l d - w o r k e d  m e t a l s ,  a n d  a n  o r d e r  o f  m a g n i t u d e  g r e a t e r  
t h a n  t h e  s u r f a c e  e n e r g y  o f  t h e  c r y s t a l l i t e s .  T h e se  s t r a i n s  
m us t  c o n t r i b u t e  t o w a r d s  t h e  t o t a l  f r e e  e n e r g y  o f  a n  o x i d e  
t o  p r o d u c e  a m a t e r i a l  o f  e n h a n c e d  a c t i v i t y ,  .
The e n h a n c e d  a c t i v i t y  o f  a  s t r a i n e d  c r y s t a l l i n e  
m a t e r i a l  h a s  b e e n  d e m o n s t r a t e d  f o r  t h e  s i n t e r i n g  o f  a l u m i n a ,  
( c h a p t e r  4 ) .  The u s e  o f  s t r a i n  a c t i v a t e d  c r y s t a l l i n e  
m a t e r i a l s  c a n  b e  e x p e c t e d  t o  i n f l u e n c e  r e a c t i o n s  s u c h  a s  
t h e  r a t e  o f  o x i d a t i o n ,  t h e  r a t e  o f  r e d u c t i o n ,  d i s s o l u t i o n  
i n  a c i d ,  s o l i d  . s t a t e  r e a c t i o n s ,  a n d  t o  h a v e  some e f f e c t  
on t h e  t e m p e r a t u r e  o f  p h a s e  c h a n g e s .  T h ese  c o n s i d e r a t i o n s  
a r e  d e a l t  w i t h  more  f u l l y  i n  t h e  c o n c l u s i o n s  t o  c h a p t e r  4 .
r o.o8
F i g  .3
CdO, MgO, ThO^ a n d  c* -Al^Q , b a l l - m i l l e d
f o r  4 h o u r s  i n  an  a g a t e  m i l l .
/?
0.07 I n t e g r a l ■ breadthsyfiv. s i n  d . MgO; /
radians
-  0 .06
- 0.05
ThO
AloO
- 0 . 0 4
-  0.05
-  0 . 0 2
s i n 2 &
0.2 0.4 0.6 0 . 8 1.0
Fig. 4
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CdO,  MgO, Th02 an d  -Al^O ' ^ j
f o r  4 h o u r s  i n  an  a g a t e  m i l l
b a l l - m i l l e d
MgO
f o r  e x c e s s  b r o a d e n i n g ,  
a s s u m i n g  G a u s s i a n  s h a p e
- 0 . 0 1 4
/  ThO
- 0 . 0 1 2
- 0 . 0 1 0
CdO
- 0 . 0 0 4
- 0 .0 0 2
0.60 . 2
I l l
F ig .5
MgO and c<-Al^O^ ball-milled for 20 hours (steel mill).
I n t e g r a l  b r e a d t h s  j^> v s i n 2 £0 .0  7
MgO
0 . 0 6
r a d i a n s
■ 0 .04
0 . 0 2
s i n 2 B
0.2 0.4 0.6 0.8
—i 
1 . 0
Fig. 6
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MgO and ot -A^O^ ball-milled for 20 hours (steel mill).
0.014 
*
P
-  0 .0 1 2
0 .0 1 0
- 0 .008
0.006
0.004
■k t k
p  v. for excess broadening, assuming 
Gaussian profile shape.
MgO
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Chapter U.
TC h an g e s  i n  s o l i d  s t a t e  r e a c t i o n s  p r o d u c e d  
"by s t r a i n  a n d  d e f e c t  a c t i v a t e d  m a t e r i a l s ’ .
I n t r o d u c t i o n .
I t  was m e n t i o n e d  i n  c h a p t e r  1 t h a t  s t r a i n  a c t i v a t e d  
o x i d e s  t e n d e d  t o  c a k e  t o g e t h e r  on a n n e a l i n g .  T h i s  e f f e c t  
was n o t  o b s e r v e d  w i t h  u n s t r a i n e d  m a t e r i a l .  I t  was f e l t  
t h a t  t h i s  o b s e r v a t i o n  d e s e r v e d  f u r t h e r  s t u d y  on a  more 
q u a n t i t a t i v e  b a s i s , a s  i t  was an  o b v i o u s  m e th o d  o f  
s t u d y i n g  t h e  c h a n g e s  i n  p r o p e r t i e s  o f  a s t r a i n e d  
c r y s t a l l i n e  m a t e r i a l .
The c a k i n g  phenom enon  i s  a d i f f u s i o n  b a s e d  p r o c e s s ,  
a n d  m a rk s  t h e  o n s e t  o f  s i n t e r i n g .  T h i s  c h a p t e r  r e l a t e s  
t o  w ork  on t h e  s i n t e r i n g  o f  s t r a i n e d  a n d  d e f e c t  a c t i v a t e d  
a l u m i n a ,  ( I t  a l s o  i n c l u d e s  a  s e c t i o n  on t h e  e f f e c t  o f  
s t r a i n  on s o l i d  s t a t e  r e a c t i o n s  i n  some c h r o m a t e s ) .
L i t e r a t u r e  S u r v e y  |
!!
S i n t e r i n g  i s  e s s e n t i a l l y  a p r o c e s s  b y  w h i c h  f i n e  ;!
p a r t i c l e s ,  w h ic h  a r e  i n  c o n t a c t  w i t h  e a c h  o t h e r ,  a r e  j
c o n s o l i d a t e d  i n t o  s t r o n g  a n d  u s u a l l y  d e n s e  p o l y c r y s t a l l i n e  |
ij
a g g r e g a t e s  b y  h e a t i n g .  Many c h a n g e s  o c c u r  on s i n t e r i n g .  The i j  
a g g r e g a t e  g row s  s t r o n g e r  a n d  u s u a l l y  s h r i n k s ,  p r o d u c i n g  a  |
d e c r e a s e  i n  p o r o s i t y  a n d  a n  i n c r e a s e  i n  b u l k  d e n s i t y .  D u r i n g  j
!
t h i s  p r o c e s s  t h e  s u r f a c e  a r e a  d e c r e a s e s  so  t h a t  t h e  s u r f a c e  j
|
f r e e  e n e r g y  o f  t h e  s y s t e m  a l s o  d e c r e a s e s .  S i n t e r i n g  i s  t h u s  j 
a n  ' i r r e v e r s i b l e  p r o c e s s  i n  w h i c h  t h e  d e c r e a s e  i n  s u r f a c e  f r e e  
e n e r g y  i s  b r o u g h t  a b o u t  b y  a  d e c r e a s e  i n  s u r f a c e  a r e a .  J
The s i n t e r i n g ,  p r o c e s s  i s  v e r y  c o m p le x  a n d  i t  i s  d e p e n d e n t  i| 
on  many v a r i a b l e s .  A l t h o u g h  i n n u m e r a b l e  w o r k e r s  h a v e  s t u d i e d  
v a r i o u s  a s p e c t s  o f  t h e  s i n t e r i n g  p r o c e s s ,  t h e r e  a r e  many p a r t s  
w h i c h  a r e  n o t  w e l l  u n d e r s t o o d .  The m a j o r i t y  o f  s t u d i e s  h a v e  
p r o c e e d e d  a l o n g  one o r  o t h e r  o f  two l i n e s .  Some w o r k e r s  h a v e  
b e e n  p r i m a r i l y  c o n c e r n e d  w i t h  e m p i r i c a l l y  d e t e r m i n i n g  t h e  
b e s t  p r o c e s s i n g  c o n d i t i o n s  f o r  f a b r i c a t i o n  p u r p o s e s .  U s u a l l y  
s u c h  w ork  h a s  i n v o l v e d  a s y s t e m a t i c  s t u d y  o f  t h e  e f f e c t  o f  
m a j o r  p r o c e s s i n g  v a r i a b l e s  u p o n  an  i m p o r t a n t  p r o p e r t y  s u c h  a s  
s t r e n g t h  o r  d e n s i t y .  The w o rk  t h a t  c o n s t i t u t e s  t h i s  c h a p t e r  
comes w i t h i n  t h i s  c a t e g o r y .  The a l t e r n a t i v e  m e thod  o f  
a p p r o a c h  h a s  b e e n  t o  s t u d y ,  t h e o r e t i c a l l y  an d  e x p e r i m e n t a l l y ,  
m odel  s y s t e m s  w i t h  t h e  o b j e c t i v e  o f  u n d e r s t a n d i n g  
q u a n t i t a t i v e l y  t h e  e l e m e n t a r y  s t e p s  i n  s i n t e r i n g .  Many o f  
t h i s  l a t t e r  c l a s s  o f  s t u d i e s  h a v e  b e e n  c o n f i n e d  t o
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g e o m e t r i c a l l y  s i m p l e  s y s t e m s ,  u s u a l l y  t h e  j o i n i n g  o f  a p a i r  
o f  s p h e r e s ,  a n d  h a v e  p r i m a r i l y  b e e n  c o n c e r n e d  w i t h  t h e  
i d e n t i f i c a t i o n  o f  t h e  m echan ism  i n v o l v e d  i n  j o i n i n g  t h e  s p h e re s .
T h i s  l i t e r a t u r e  s u r v e y  w i l l  c o v e r  i n  d e t a i l  t h o s e  p a r t s  
w h i c h  a r e  r e l e v a n t  t o  t h e  c h a r a c t e r i z a t i o n  o f  m a t e r i a l  p r i o r  
t o  s i n t e r i n g ,  h u t  w i l l  o n l y  s u r v e y  t h e  m e ch an ism s  o f  s i n t e r i n g  
s i n c e  many e x c e l l e n t  m odern  r e v i e w  a r t i c l e s  on s i n t e r i n g  a r e  
a v a i l a b l e ,  a n d  t h e s e  w i l l  b e  r e f e r r e d  t o  i n  t h e  t e x t .
D u r i n g  t h e  s i n t e r i n g  p r o c e s s  c e r t a i n  c h a r a c t e r i s t i c  
phenom ena  c a n  b e  r e c o g n i s e d .  I n  t h e  i n i t i a l '  s t a g e s  o f  
s i n t e r i n g  t h e  p r e d o m i n a n t  f e a t u r e  i s  a n  i n c r e a s e  w i t h  t i m e  i n  
t h e  p a r t i c l e  t o  p a r t i c l e  c o n t a c t  a r e a s ,  a c c o m p a n i e d  b y  a 
r o u n d i n g  o f f  o f  t h e  s h a r p  r e - e n t r a n t  a n g l e s  a t  t h e  p o i n t s  o f  
c o n t a c t .  A t  t h e  same t i m e ,  w h e re  d e n s i f i c a t i o n  o c c u r s ,  t h e  
d i s t a n c e s  b e t w e e n  p a r t i c l e  c e n t r e s  d e c r e a s e s ,  a n d  t h i s  i s  
r e s p o n s i b l e  f o r  t h e  d e c r e a s e  i n  t h e  vo lum e o f  t h e  i n t e r ­
p a r t i c l e  p o r e  s p a c e s  w h ic h  a t  t h i s  s t a g e  a r e  i n t e r c o n n e c t e d .  
D u r i n g  t h e  l o i t e r  s t a g e s  o f  s i n t e r i n g  t h e  p o r e  s p a c e  b eco m es  
b r o k e n  up  i n t o  i s o l a t e d  p o r e s  a n d  d e n s i f i c a t i o n  r e s u l t s  f ro m  
t h e  s h r i n k a g e  o f  t h e s e  p o r e s .
The n a t u r e  o f  t h e  p r o c e s s  b y  w h i c h  m a t e r i a l  t r a n s p o r t  
o c c u r s  d u r i n g  s i n t e r i n g  h a s  b e e n  t h e  s u b j e c t  o f  many--  
i n v e s t i g a t i o n s .  Good s u m m ar ie s  o f  t h i s  work  h a v e  a p p e a r e d
( s g ) e 5 6 )b y  G e a c h v" ^ y a n d  C o b le  a n d  B u r k e w  I n  g e n e r a l ,  f i v e
d i f f e r e n t  t r a n s p o r t  p r o c e s s e s  h a v e  b e e n  c o n s i d e r e d  a s
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r e s p o n s i b l e  f o r  t h e  o b s e r v e d  c o n f i g u r a t i o n a l  c h a n g e s  -
v i s c o u s  f l o w ,  p l a s t i c  f l o w ,  e v a p o r a t i o n - c o n d e n s a t i o n ,  volume
d i f f u s i o n  a n d  s u r f a c e  d i f f u s i o n *  E v a p o r a t i o n  c a n  o c c u r  f ro m
c e r t a i n  s i t e s  w i t h  r e d e p o s i t i o n  a t  o t h e r  s i t e s .  A s i m i l a r
r e a r r a n g e m e n t  may o c c u r  b y  d i f f u s i o n  o v e r  s o l i d  -  v a p o u r
s u r f a c e s *  T h e se  two m ech an ism s  w i l l  c a u s e  c h a n g e s  i n  t h e
sh ap e  o f  p o r e s ,  b u t  u n l e s s  t h e  p o r e s  a r e  c o n t i n u o u s  t o  t h e
s u r f a c e ,  no p o r e  s h r i n k a g e  c a n  b e  o b s e r v e d .  T h e s e  two
p r o c e s s e s  c a n  h o w ev e r  c a u s e  g r o w t h  o f  a n e c k  o r  c o n t a c t  a r e a
b e t w e e n  two s i n t e r i n g  p a r t i c l e s  i n c r e a s i n g  t h e i r  s t r e n g t hI ' ' f
o r  a d h e s i o n .
The ' f i r s t  q u a n t i t a t i v e  t h e o r y  on m a t t e r  t r a n s p o r t  b y
(57)v i s c o u s  f l o w  was b y  F r e n k e l  * He a s s u m e d  t h a t  w i t h  b o t h  
a m o rp h o u s  a n d  c r y s t a l l i n e  p o w d e r s  v i s c o u s  f l o w  w o u ld  o c c u r  
u n d e r  t h e  i n f l u e n c e  o f  t h e  c a p i l l a r y  f o r c e s  a s s o c i a t e d  w i t h
t h e  c u r v e d  s u r f a c e s  o f  t h e  p o r e s .
McKenzie  a n d  S h u t t l e w o r t h ^ ^  c r i t i c i s e d  t h i s  m ode l  on 
t h e  g r o u n d s  t h a t  a  c r y s t a l  w o u ld  n o t  f l o w  v i s c o u s l y  b y  
v a c a n c y  m i g r a t i o n  i n  a u n i f o r m  s t r e s s  f i e l d .  They d e v e l o p e d  
an  e x p r e s s i o n  f o r  t h e  d e n s i f i c a t i o n  o f  c r y s t a l l i n e  m a t e r i a l  
b y  c l o s u r e  o f  i s o l a t e d  s p h e r i c a l  p o r e s ,  b a s e d  on t h e
a s s u m p t i o n  t h a t  p l a s t i c  f l o w  o c c u r r e d .  A s i m i l a r  s u g g e s t i o n
( 5 9 ) -
was p r o p o s e d  b y  C l a r k  a n d  W h i t e w  '  t o  a c c o u n t  f o r  t h e i r
f i n d i n g s  on t h e  d e n s i f i c a t i o n  c u r v e s  o f  c o p p e r .
The f i r s t  d e m o n s t r a t i o n  t h a t  m ass  f l o w  b y  vo lum e
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d i f f u s i o n  o c c u r s  d u r i n g  s i n t e r i n g  w as  p r o v i d e d  "by t h e  w o rk  
o f  K u c z y n s k i ^ ^  . K u c z y n s k i  f i r s t  p r o d u c e d  q u a n t i t a t i v e  
e v i d e n c e  t o  show t h a t  t h e  r a t e  o f  n e c k  g r o w t h  b e t w e e n  
s p h e r e s  was a c c o u n t a b l e  for- b y  s u c h  a- p r o c e s s .
C o b l e ^  , w o r k i n g  on a l u m i n a ,  showed t h a t  g r a i n
b o u n d a r y  d i f f u s i o n  w o u l d  b e  e x p e c t e d  t o  c o n t r i b u t e  t o  m ass  
t r a n s p o r t  o v e r  s h o r t  d i s t a n c e s  d u r i n g  s i n t e r i n g .
The a l t e r n a t i v e  a p p r o a c h  t o  t h e  s i n t e r i n g  p r o b le m  
i n v o l v e s  a  s t u d y  o f  t h e  e f f e c t s  o f  m a j o r  p r o c e s s i n g  v a r i a b l e s  
u pon  an  i m p o r t a n t  p r o p e r t y  s u c h  a s  s t r e n g t h  o r  d e n s i t y .  The 
work  t h a t  c o n s t i t u t e s  t h i s  c h a p t e r  comes w i t h i n  t h i s  c a t e g o r y .
The d r i v i n g  e n e r g y  i n  s i n t e r i n g  i s  g e n e r a l l y  a s su m e d  t o
be  t h e  e x c e s s  o f  s u r f a c e  f r e e  e n e r g y  o f  a  p ow der  o v e r  t h a t
o f  t h e  same m a t e r i a l  i n  t h e  d e n s i f i e d  f o r m ,  a n d  t h i s  i n c r e a s e s
w i t h  d e c r e a s e  o f  p a r t i c l e  s i z e .  Thus  t h e  u s e  o f  t h e  f i n e s t
p a r t i c l e s  s h o u l d  p r o d u c e  d e n s e  im p e rm e a b le  s i n t e r e d  o x i d e s .
The b r o a d e n i n g  o f  X - r a y  d i f f r a c t i o n  l i n e s  c a n  r e s u l t  f ro m
l a t t i c e  d i s t o r t i o n s  a s  w e l l  a s  f ro m  a  d i m i n u t i o n  o f
c r y s t a l l i t e  s i z e .  S t r a i n s  o f  t h i s  d e s c r i p t i o n  w i l l  a d d  t o
t h e  t o t a l  e n e r g y  c o n t e n t  o f  t h e  p o w d e r .  U n d e r  c e r t a i n  v e r y
f a v o u r a b l e  c i r c u m s t a n c e s  a n  i n d i c a t i o n  o f  c r y s t a l l i t e  s h a p e
c a n  be  o b t a i n e d  f ro m  t h e  X - r a y  d i f f r a c t i o n  p r o f i l e s . a :  The
c a l c i n a t i o n  o f  p o w d e r s  t o  p r o d u c e  f i n e  c r y s t a l l i t e s  d o e s
( 1 3 )n o t  u s u a l l y  r e s u l t  i n  g r e a t  l a t t i c e  s t r a i n s .  W i l l i a m s ' 1 ' ,  
q u o t e s  r e s u l t s  o f  w ork  a t  H a r w e l l  on f i n e  c r y s t a l l i t e  s i z e
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( ^ i lO O o S )  t h o r i a  a n d  m a g n e s i a ,  p r e p a r e d  h y  c a l c i n a t i o n .  The
—2s t r a i n  e n e r g y  c o n t e n t  was l e s s  t h a n  10 K . c a l / m o l ,  a s m a l l  
f r a c t i o n  o f  t h e  s u r f a c e  f r e e  e n e r g y .  C a re  h a s  t o  b e  
e x e r c i s e d  when c o n s i d e r i n g  p a r t i c l e  s i z e s , a n d  c r y s t a l l i t e  
s i z e s  a s  m e a s u r e d  b y  X - r a y  m e t h o d s .  Q u i t e  f r e q u e n t l y  i n  
c a l c i n a t i o n  p r o c e s s e s  t h e  r e s u l t i n g  c r y s t a l l i t e s  a r e  
a g g r e g a t e d  t o g e t h e r  i n  l a r g e  p a r t i c l e s  w h i c h  a r e  pseudomorpfcs  
o f  t h e  s a l t s  f r o m  w h i c h  t h e y  a r e  p r e p a r e d .  W i l l i a m s  q u o t e s  
e x a m p l e s  o f  t h i s  f o r  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  m agnes ium  
c a r b o n a t e  t o  p r o d u c e  t h e  o x i d e .  S u r f a c e  a r e a  m e a s u r e m e n t s  
a n d  m i c r o s c o p y  o f t e n  c l a r i f y  t h e  p o s i t i o n  a n d  g i v e  i n f o r m a t i o n  
on t h e  s t a t e  o f  a g g r e g a t i o n  o f  t h e  p a r t i c l e s .  The c h e m i c a l  
a d s o r p t i o n  o f  g a s e s  a n d  v a p o u r s  o f t e n  o c c u r s ,  e s p e c i a l l y  
a s  a  r e s u l t  o f  t h e  t h e r m a l  d e c o m p o s i t i o n  o f  s a l t s .  W i l l i a m s
p
q u o t e s  r e s u l t s  f o r  m a g n e s i a ,  o f  s u r f a c e  a r e a  200 m e t r e s  /g m  
p r e p a r e d  f ro m  t h e  h y d r o x i d e "  w a t e r  v a p o u r  t o  t h e  e x t e n t  o f  
3% b y  v / e ig h t  c a n  be  p r e s e n t  a s  a n  a d s o r b e d  m o n o l a y e r .
W h i l s t  w o r k i n g  w i t h  s i l v e r  h a l i d e s  a n d  m a g n e s i a ,
O e l  ( 1 9 6 1 ) ^ )  showed t h a t  p a r t i c l e  s i z e  a n d  s h a p e  w e r e  
i n s u f f i c i e n t  t o . c h a r a c t e r i z e  c e r a m i c  p o w d e r s  i n  r e l a t i o n  t o  
t h e i r  s i n t e r i n g  b e h a v i o u r .  O e l  showed t h a t  a  c o n s i d e r a t i o n  
o f  t h e  p o i n t ,  l i n e  a n d  two d i m e n s i o n a l  d e f e c t s ,  was i m p o r t a n t ,  
s i n c e  t h e  p r o c e s s e s  o f  p r e s s i n g  a n d  s i n t e r i n g  a r e  o n l y  made 
p o s s i b l e  b y  t h e i r  p r e s e n c e .  O e l  b e l i e v e s  t h a t  t h e  p r e s e n c e  
o f  d i s l o c a t i o n s  m i g h t  c a u s e  a  c h a n n e l  o f  v a c a n c i e s  t h e r e b y  
e n h a n c i n g  t h e  d i f f u s i o n  p r o c e s s .
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R y s h k s w i t c h ^ ^  a d v a n c e s  t h e  i d e a  t h a t  l a t t i c e  d e f e c t s ,  
e s p e c i a l l y  a s  p r o d u c e d  a t  t h e  s u r f a c e s  o f  s m a l l  powder  
p a r t i c l e s  b y  m i l l i n g  an d  g r i n d i n g ,  m us t  g r e a t l y  a d d  t o  t h e  
! s i n t e r o m o t i v e ’ f o r c e s  o f  c o a l e s c i n g  g r a i n s .  M i l l i n g ,  h e  
s u p p o s e s ,  e x p o s e s  t h e  i n t e r i o r  d e f e c t s  b y  b r e a k i n g  t h e  
l a r g e  p a r t i c l e s  i n t o  s m a l l e r  o n e s ,  T h e s e  s m a l l  p a r t i c l e s  
a r e  d o u b l y  c h a r g e d  w i t h  s u r f a c e  e n e r g y  a n d  s t r a i n  e n e r g y ,  
e n a b l i n g  th em  t o  be  i n t e g r a t e d  i n t o  g r o w i n g  g r a i n s  d u r i n g  
t h e  s i n t e r i n g  p r o c e s s .
N a e s e r  a n d  S c h o l t z  h a v e  shown t h a t  m e c h a n i c a l  
t r e a t m e n t s  s u c h  a s  g r i n d i n g ,  r o l l i n g  a n d  f i l i n g  g r e a t l y  
p r o m o te  s u c h  p r o c e s s e s  a s  t h e  h a r d e n i n g  o f  c e m e n t s ,  t h e  
c o m b u s t i o n  o f  g r a p h i t e ,  t h e  r e d u c t i o n  o f  i r o n  s i l i c a t e  a n d  
t h e  n i t r i d i n g  o r  c a r b u r i z i n g  o f  c o l d  r o l l e d  s h e e t  i r o n .
A p a p e r  b y  t h e s e  a u t h o r s  i n  1 9 6 2 ^ ^  f u r t h e r  e x t e n d e d  t h i s  
w o r k .  They  f o u n d  t h a t  an  i n c r e a s e  i n  t h e  i n t e n s i t y  o f  
c o l d - w o r k ,  up t o  a c e r t a i n  d e g r e e ,  p r o d u c e d  an  e n h a n c e d  
a c t i v i t y  i n  r e a c t i o n s  s u c h  a s  t h e  c a l c i n a t i o n  o f  l i m e ,  t h e  
r e d u c t i o n  o f  i r o n  o x i d e s  w i t h  h y d r o g e n  a n d  t h e  s i n t e r i n g  o f  
b o t h  d o l o m i t e  a n d  a l u m i n i u m  s i l i c a t e .  N a e s e r  a n d  S c h o l t z ,  
h o w e v e r ,  made no  d i s t i n c t i o n  a s  t o  w h e t h e r  t h e  e n h a n c e d  
a c t i v i t y  due t o  c o l d —w ork  was a r e s u l t  o f  a n  i n c r e a s e ^ i n  
l a t t i c e  s t r a i n ,  a  d e c r e a s e  i n  p a r t i c l e  s i z e ,  o r  a 
c o m b i n a t i o n  o f  b o t h  e f f e c t s .
L a t e r  t h e  same y e a r  N a e s e r ,  S c h o l t z  an d  F i e d l e r  
showed t h a t  s t r e n g t h s  o f  s i n t e r e d  c o m p a c t s  o f  a l u m i n i u m
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s i l i c a t e  a n d  c a l c i n e d  d o l o m i t e  v a r i e d  m os t  r e m a r k a b l y ,  
d e p e n d i n g  on t h e  d e g r e e  o f  p r i o r  g r i n d i n g .  F o r  s m a l l  
g r i n d i n g  t i m e s ,  u s u a l l y  l e s s  t h a n  f i v e  h o u r s  b u t  d e p e n d i n g  
on t h e  t y p e  o f  m i l l  u s e d ,  i n c r e a s e s  i n  s t r e n g t h  o f  t h e  
c o m p a c t s  up  t o  t e n  t i m e s  c o u l d  b e  o b t a i n e d .  F u r t h e r  g r i n d i n g ,  
h o w e v e r ,  ( p r i o r  t o  s i n t e r i n g ) ,  p r o d u c e d  g r e a t  d e c r e a s e s  i n  
t h e  s t r e n g t h s  o f  s u c h  s i n t e r e d  c o m p a c t s .  I f  t h e  g r o u n d  
p o w d e r s  w e re  h e a t e d  t o  1000°C b e f o r e  s i n t e r i n g ,  s u c h  w ide  
v a r i a t i o n s  i n  s t r e n g t h  w e re  n o t  o b t a i n e d .  No o b s e r v a t i o n s  
w e re  made on a n y  p o s s i b l e  l a t t i c e  o r  p a r t i c l e  c h a n g e s ,  so 
t h a t  no s t r i c t  i n t e r p r e t a t i o n  o f  t h e  g r i n d i n g  e f f e c t  was 
p o s s i b l e .  N a e s e r ,  S c h o l t z  a n d  F i e d l e r  t e n t a t i v e l y  
a s s u m e d  t h a t  t h i s  m e c h a n i c a l  a c t i v a t i o n  an d  p a s s i v a t i o n  
was due t o  d i s t u r b a n c e s  i n  t h e  l a t t i c e  d u r i n g  g r i n d i n g .
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P r e a m b l e .
The w ork  t h a t  c o n s t i t u t e s  t h i s  c h a p t e r  i n v o l v e s  t h e  
s y s t e m a t i c  s t u d y  o f  t h e  e f f e c t  o f  m a j o r  p r o c e s s i n g  v a r i a b l e s  
u p o n  t h e  s t r e n g t h  o f  s i n t e r e d  a l u m i n a  c o m p a c t s .  The 
p r o b l e m  i s  t h u s  t o  c h a r a c t e r i z e  b a l l - m i l l e d  a l u m i n a  p r i o r  
t o  s i n t e r i n g .
The c a k i n g  e f f e c t  o r i g i n a l l y  o b s e r v e d ,  was  t h e  r e s u l t  
o f  a n n e a l i n g  m a t e r i a l  s t r a i n e d  i n  a n  a g a t e  g r i n d i n g  c y l i n d e r .  
Of n e c e s s i t y  t h e r e  i s  some w e a r  i n  a n y  b a l l - m i l l ,  a n d  t h e  
a d d i t i o n  o f  a g a t e  i m p u r i t i e s  m ig h t  w e l l  h a v e  i n f l u e n c e d  
t h e  c a k i n g .  S p e c t r o g r a p h i c  a n a l y s e s  w e r e  p e r f o r m e d  on a
s
m i l l e d  a n d  a n  u n m i l l e d  s am p le  o f  a l u m i n a .  The r e s u l t s  
showed no c h a n g e  i n  t h e  C a , F e ,  K, Mg o r  Na c o n t e n t s ,  b u t  
r e v e a l e d  a  s m a l l  i n c r e a s e  i n  chromium c o n t e n t ,  a n d  a 
s i g n i f i c a n t l y  l a r g e  i n c r e a s e ,  0 .01% t o  0 .2% ,  i n  t h e  s i l i c o n  
c o n t e n t .  The s i l i c o n  c o n t e n t ,  i n  t h e  f o r m  o f  s i l i c a ,  
c o u l d  w e l l  h a v e  c o n t r i b u t e d  t o  t h e  e n h a n c e d  s i n t e r i n g  
e f f e c t s  i n  t h e  a l u m i n a .  T h i s  d i d  n o t  r u l e  o u t  t h e  e f f e c t  
o f  s t r a i n  b u t  i n t r o d u c e d  a m b i g u i t y .
To e l i m i n a t e  i m p u r i t i e s ,  t h e  m a t e r i a l  u n d e r  i n v e s t ­
i g a t i o n  m u s t  b e  m i l l e d  i n  a  g r i n d i n g  c y l i n d e r  made o f  t h e  
same m a t e r i a l .  (An a t t e m p t  was  made t o  m i l l  t h e  a l u m i n a  i n  
a s t e e l  g r i n d i n g  c y l i n d e r ,  a n d  s u b s e q u e n t l y  t o  l e a c h  o u t  t h e  
i r o n  i m p u r i t i e s .  T h i s  d i d  n o t  p r o v e  s u c c e s s f u l ) .  The 
o n l y  p u r e  o x i d e  g r i n d i n g  p e s t l e  a n d  c y l i n d e r  a v a i l a b l e
123
c o m m e r c i a l l y  w e r e  made o f  s i n t e r e d  a l u m i n a ,  a n d  m a r k e t e d  
b y  G len  C r e s t o n  L t d . ,  ( s e e  a p p e n d i c e s ) .  M a g n e s i a  a n d  
t h o r i a  g r i n d i n g  c y l i n d e r s  w e re  n o t  a v a i l a b l e ,  a s  i n  t h e  
s i n t e r e d  f o r m  t h e y  a r e  t o o  b r i t t l e  an d  do n o t  w i t h s t a n d  
t h e  c o n s t a n t  i m p a c t s  o f  t h e  b a l l  p e s t l e  on t h e  e n d  c a p s  
o f  t h e  g r i n d i n g  c y l i n d e r .  A l u m i n a ,  b a l l - m i l l e d  i n  t h i s  
a l u m i n a  g r i n d i n g  c y l i n d e r ,  s t i l l  e x h i b i t e d  t h e  c a k i n g  
e f f e c t  on a n n e a l i n g .
A r e d u c t i o n  o f  t h e  mean p a r t i c l e  s i z e  w o u l d  a l s o  
c o n t r i b u t e  t o w a r d s  t h e  c a k i n g  e f f e c t .  T h i s  w o u ld  p r o d u c e  
a  g r e a t e r  s u r f a c e  a r e a  and. more p a r t i c l e  -  p a r t i c l e  c o n t a c t  
p o i n t s  t h r o u g h  w h i c h  d i f f u s i o n  c o u l d  o c c u r .  I n  t h e  i n i t i a l  
s t a g e s ,  an  a t t e m p t  was  made t o  m e a s u re  c h a n g e s  i n  p a r t i c l e  
s i z e  on b a l l - m i l l i n g ,  u s i n g  a n  e l e c t r o n  m i c r o s c o p e .  I t  was 
p o s s i b l e  o n l y  t o  d e t e r m i n e  an  a | ) p r o x i m a t e  o r d e r  o f  m a g n i t u d e  
o f  p a r t i c l e  s i z e ,  f o r  t h e  l i m i t e d  num ber  o f  p a r t i c l e s  
o b s e r v e d  f o r  a n y  one m i l l i n g  t r e a t m e n t .  I t  c o u l d  b e  s e e n  
t h a t  e a c h  m i l l e d  s am p le  c o n t a i n e d  a w id e  r a n g e  o f  s i z e s ,  
a n d  t h a t  t h e  o r i g i n a l l y  r e g u l a r l y  s h a p e d  p a r t i c l e s  w e re  
b r o k e n  down i n t o  s m a l l e r  c l e a v a g e  f r a g m e n t s  o f  h i g h l y  
i r r e g u l a r  s h a p e  a n d  s i z e ,  ( f i g .  l ) . E l e c t r o n  d i f f r a c t i o n  
s t u d i e s  o f  i s o l a t e d  s i n g l e  p a r t i c l e s  sho w ed  f a i r l y  s i m p l e  
s p o t  p a t t e r n s .  T h e se  w e re  n o t  r e c o r d e d ,  b u t  h a d  t h e  ^ 
a p p e a r a n c e  o f  s i n g l e  c r y s t a l  d i f f r a c t i o n  p a t t e r n s .  Some 
f i n e  s t r u c t u r e  was  o b s e r v e d  i n  some o f  t h e  m i c r o g r a p h s ,  
f o r  e x a m p le  I d ) ,  b u t  t h i s  was  t h o u g h t  t o  b e  d u e  t o
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d i f f r a c t i o n  a b e r r a t i o n s .  T h i s  m e th o d  o f  s i z e  m e a s u re m e n t  
was t h u s  a b a n d o n e d  i n  f a v o u r  o f  a s u r f a c e  a r e a  m e th o d ,  u s i n g  
a d s o r b e d  k r y p t o n  g a s .  (The u s e  o f  s u r f a c e  a r e a  m e a s u r e m e n t s  
t o  r e p r e s e n t  p a r t i c l e  s i z e ,  p r o m p t e d  a n  i n v e s t i g a t i o n  i n t o  
t h e  r e l a t i o n s h i p  b e t w e e n  s u r f a c e  a r e a ,  p a r t i c l e  s i z e ,  a n d  
c r y s t a l l i t e  s i z e .  The r e s u l t s  o f  t h e s e  c o m p a r i s o n s  a r e  
g i v e n  i n  C h a p t e r  5 )  •
The p h y s i c a l  a d s o r p t i o n  o f  g a s e s  a n d  v a p o u r s  h a s  some 
i n f l u e n c e  on s i n t e r i n g .  F a c i l i t i e s  f o r  m i l l i n g  p o w d e r s  
i n  of  c o n t r o l l e d  a t m o s p h e r e  w e re  n o t  a v a i l a b l e ,  so  t h a t  
a l l  t h a t  c o u l d  b e  done i n  t h i s  c a s e  was t o  e n s u r e  c o m p l e t e
s
d e s s i c a t i o n  w h e n e v e r  p o s s i b l e .
The f o l l o w i n g  i n v e s t i g a t i o n  was  t h u s  p e r f o r m e d .
To c h a r a c t e r i z e  a - a l u m i n a ,  b a l l - m i l l e d  f o r  v a r i o u s  t i m e s ,  
i n  t e r m s  o f  s t o r e d  s t r a i n  e n e r g y ,  a n d  s u r f a c e  e n e r g y .
To work  u n d e r  c o n d i t i o n s  o f  h i g h  p u r i t y ,  a n d  t o  c o n t r o l  
m o i s t u r e  a d s o r p t i o n  b y  a d e q u a t e  d e s s i c a t i o n .  To s i n t e r  
s u c h  c h a r a c t e r i z e d  m a t e r i a l  t o  v a r i o u s  t e m p e r a t u r e s ,  a n d  t o  
m e a s u r e  t h e  r e s u l t i n g  c r u s h i n g  s t r e n g t h s  o f  t h e  s i n t e r e d  
c o m p a c t s .  To s e e  w h a t  r e l a t i o n s h i p s ,  i f  a n y ,  e x i s t  b e t w e e n  
t h e  s t r e n g t h s  o f  t h e  s i n t e r e d  c o m p a c t s  a n d  t h e  d e g r e e  o f  
p r i o r  s t o r e d  s t r a i n  e n e r g y .
F i g .1  E l e c t r o n  m i c r o g r a p h s  o f  b a l l - m i l l e d  a l u m i n a .
a )  a s  r e c e i v e d . b) b a l l - m i l l e d  2 h o u r s .
m a g n i f i c a t i o n  x 5 0 *0 0 0 .
c)  b a l l - m i l l e d  4 h o u r s .
m a g n i f i c a t i o n  x  5 0 , 0 0 0 .
d) b a l l - m i l l e d  6 h o u r s .
m a g n i f i c a t i o n  x  5 0 *0 0 0 . m a g n i f i c a t i o n  x  5 0 , 0 0 0 .
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T r e a t m e n t  o f  S p e c im e n s
A num ber  o f  e i g h t  gram c h a r g e s  o f  h i g h  p u r i t y  ’A n a l a r ’ 
a l u m i n a  p o w d e r  was b a l l - m i l l e d  f o r  v a r y i n g  p e r i o d s  up t o  
t w e l v e  h o u r s ,  i n  a s i n t e r e d  a l u m i n a  g r i n d i n g  c y l i n d e r  u s i n g  
a s i n t e r e d  a l u m i n a  c r e t o i d .  The h i g h  s p e e d  g r i n d i n g  m i l l ,  
m arke ted ,  b y  G le n  C r e s t o n  L t d . , was u s e d  f o r  t h i s  p u r p o s e ,
( s e e  a p p e n d i c e s ) .  F o r  e a c h  m i l l i n g  t i m e ,  t h e  mean s t r a i n  
was m e a s u r e d  b y  X - r a y  l i n e  b r o a d e n i n g  m e t h o d s .  The mean 
s t r a i n  v a l u e s  w ere  c o m p u te d  f ro m  b o t h  G a u s s i a n  ( f i g . 9)  a n d  
Cauchy  ( f i g . 1 0 )  e x c e s s  b r o a d e n i n g  d i s t r i b u t i o n s .  A p p r o x im a te  
s t o r e d  s t r a i n  e n e r g y  v a l u e s  w ere  c a l c u l a t e d  b y  F a u l k n e r ’ s 
m e th o d ,  a n d  t h e s e  a r e  t a b u l a t e d ,  t o g e t h e r  w i t h  t h e  mean 
s t r a i n  v a l u e s  i n  t a b l e  1 .  The v a r i a t i o n  o f  mean s t r a i n ,  
a n d  mean s t r a i n  e n e r g y  w i t h  m i l l i n g  t i m e  a r e  shown i n  f i g . 3 .
F o r  e a c h  s t r a i n  d e t e r m i n a t i o n ,  a s p e c i f i c  s u r f a c e  a r e a
d e t e r m i n a t i o n  was  p e r f o r m e d ,  u s i n g  t h e  B . E . T .  method .-  The
a d s o r p t i o n  i s o t h e r m s  f ro m  w h i c h  t h e  s u r f a c e  a r e a  v a l u e s
Yirere c a l c u l a t e d  a r e  shown i n  f i g u r e s  11 t o  2 0 .  The e n e r g y
due t o  t h e  s u r f a c e  was c a l c u l a t e d  f o r  e a c h  s p e c i f i c  s u r f a c e
2a r e a ,  a s s u m i n g  a  c o n v e r s i o n  v a l u e  o f  1000 e r g s / c m  . S u r f a c e  
a r e a  a n d  s u r f a c e  e n e r g y  v a l u e s  a r e  g i v e n  i n  t a b l e  2 .  F o r  
e a c h  s u r f a c e  a r e a  v a l u e  t h e  e q u i v a l e n t  s p h e r i c a l  p a r t i c l e  
s i z e  was c a l c u l a t e d ,  a n d  t h e  v a r i a t i o n  o f  t h e s e  q u a n t i t i e s  
w i t h  m i l l i n g  t i m e  a r e  shown i n  f i g u r e  !+•
S a m p le s  o f  o u t g a . s s e d  c h a r a c t e r i z e d  a l u m i n a  pow der  o f  
v a r y i n g  s t r a i n  e n e r g y  a n d  s u r f a c e  e n e r g y  c o n t e n t s  w e re
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p r e s s e d  t o  10 t „ s . i . s t o  fo rm  c o m p a c t s  l o n g  a n d  d i a m e t e r ,  
A n o m i n a l  d i a m e t e r  d o u b l e  a c t i n g  c y l i n d r i c a l  c o m p a c t i n g  
d i e  s e t  was u s e d  f o r  t h i s  p r o c e s s .  The d i e  a n d  p l u n g e r s  
w ere  made o f  s p e c i a l l y  h a r d e n e d  t o o l  s t e e l ,  s u r f a c e  g r o u n d  
t o  a  c l o s e  t o l e r a n c e .  The b o r e  o f  t h e  d i e  a n d  t h e  e n d s  o f  
t h e  p l u n g e r s  w e r e  p o l i s h e d  t o  a m i r r o r  f i n i s h .  A s l i g h t  
t a p e r  was acco m m o d a ted  i n  t h e  d i e ,  t o  f a c i l i t a t e  e x t r a c t i o n  
o f  t h e  c o m p a c t s .  The s a m p l e s  w e r e  p r e s s e d  u s i n g  a s t a n d a r d  
c o m p r e s s i o n  c a g e  a t t a c h m e n t  on a ’H o u n s f i e l d *  t e n s o m e t e r .
A h a l f  t o n  beam was f i t t e d  t o  t h e  t e n s o m e t e r ,  w h i c h  i n  
c o m b i n a t i o n  w i t h  t h e  d i a m e t e r  p l u n g e r ,  p r o d u c e d  a 
p r e s s u r e  o f  10 t . s . i .
A s e r i e s  o f  t h e s e  c o m p a c t s  was  s u b s e q u e n t l y  s i n t e r e d  i n  
a i r  t o  v a r i o u s  t e m p e r a t u r e s ,  a n d  t h e i r  c o l d  c r u s h i n g  s t r e n g t h s  
w e re  d e t e r m i n e d ,  s e e  f i g u r e  5* C r u s h i n g  s t r e n g t h s  w ere  
m e a s u r e d  on t h e  ’H o u n s f i e l d 1 t e n s o m e t e r ,  u s i n g  a c o m p r e s s i o n  
c a g e  f i t t e d  w i t h  two a c c u r a t e l y  g r o u i d  p a r a l l e l  h a r d e n e d  
s t e e l  i n s e r t s .  A f i x e d  t i m e  o f  two a n d  a h a l f  h o u r s ,  a t  
t e m p e r a t u r e ,  "was u s e d  f o r  a l l  s i n t e r i n g  w o r k ,  an d  c r u s h i n g  
s t r e n g t h s  w e re  i n v e s t i g a t e d  i n  t h e  r a n g e  o f  t e m p e r a t u r e s  
1000°C bo li(-00OC. F o r  e a c h  s i n t e r i n g  t r e a t m e n t ,  f i v e  
s p e c i m e n s  w e re  c o m p a c t e d ,  s i n t e r e d  a n d  c r u s h e d ,  t o  o b s e r v e  
t h e  s c a t t e r  o f  c o l d  c r u s h i n g  s t r e n g t h  v a l u e s .  A l l  s i n t e r i n g  
t r e a t m e n t s  w e re  p e r f o r m e d  i n  t h e  same f u r n a c e ,  u s i n g  t h e  
same h e a t i n g  r a t e s ,  a n d  s p e c i m e n s  w e re  a l l o w e d  t o  f u r n a c e  
c o o l .
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S u r f a c e  A re a  D e t e r m i n a t i o n s  -  a ) . P r i n c i p l e  o f  t h e  m e th o d .
The f o l l o w i n g  s e c t i o n  d e s c r i b e s  work  c a r r i e d  o u t  a t  
t h e  C e n t r a l  E l e c t r i c i t y  R e s e a r c h  L a b o r a t o r i e s  a t  L e a t h e r h e a d ,  j
I ;
S u r r e y ,  u s i n g  a k r y p t o n  a d s o r p t i o n  a p p a r a t u s .  The a u t h o r  j
i s  v e r y  g r a t e f u l  t o  t h e  C . E . R . L .  f o r  f a c i l i t i e s  p r o v i d e d ,  I
a n d  h e l p f u l  a d v i c e  c o n c e r n i n g  u s e  o f  t h e  a p p a r a t u s .  I
F i g u r e  2 ,  i l l u s t r a t e s  t h e  p r i n c i p l e  o f  t h e  a p p a r a t u s ,  
f i r s t  d e s c r i b e d  b y  A y lem o re  a n d  J e p s o n ^ ^  , '
The k r y p t o n  was  i s o t o p i c a l l y  l a b e l l e d  w i t h  ^ K r  ( h a l f  
l i f d ^ l O . 6  y e a r s ) ,  a n d  t h e  p r e s s u r e  m e a s u r i n g  d e v i c e  c o n s i s t e d  
o f  a  c o u n t i n g  c e l l  C, (vo lum e  U c c s . ) ,  s e a l e d  on t o  an  e n d -  |
window G - e ig e r - M i i l l e r  t u b e .  The p r e s s u r e  P was  d e t e r m i n e d  j
I
f ro m  t h e  c o u n t  r a t e  N, w i t h  s u i t a b l e  c o r r e c t i o n s  f o r  c o u n t i n g  , 
l o s s e s  a n d  b a c k g r o u n d  l e v e l .  F o r  a l l  m e a s u r e m e n t s  10^  c o u n t s
i
w ere  m ade ,  t o  g i v e  a s t a n d a r d  e r r o r  i n  t h e  c o u n t i n g  r a t e  ( N . )  j
D !
o f  i  1 %. F o r  m e a s u r e m e n t s  o f  t h e  s a t u r a t i o n  v a p o u r  p r e s s u r e ,  ||
k  x  1 0 ^  c o u n t s  w e r e  made t o  g i v e  a s t a n d a r d  e r r o r  o f  ~ 0 .5% |j
i n  t h e  c o u n t  r a t e  (N ) .s o v . p 0
B e f o r e  t h e  a p p a r a t u s  was a s s e m b l e d  t h e  b u l b s  h a d  b e e n  
c a l i b r a t e d  b y  t h e  m e r c u r y  w e i g h i n g  m e t h o d ,  e a c h  vo lum e  b e i n g
+ I!m e a s u r e d  t o  -  O . O l c c s .  When c o n s t r u c t e d ,  t h e  v o lum e  o f  t h e  
d e a d  s p a c e  h a d  b e e n  m e a s u r e d .
A t  t h e  s t a r t  o f  e a c h  r u n ,  a  w e i g h e d  c h a r g e  o f  t h e  s t r a i n e d  1 
a l u m i n a  was  s e a l e d  t o  t h e  a p p a r a t u s  b e l o w  t h e  m ark  E t h r o u g h  a  i 
s t a n d a r d  vacuum s e a l .  The a p p a r a t u s  was e v a c u a t e d  t o  g o o d
d i f f u s i o n  pump p r e s s u r e ,  a n d  t h e  s a m p le  o u t g a s s e d  f o r  2 h o u r s  
a t  150°C t o  rem ove a d s o r b e d  g a s e s .  D u r i n g  t h e  o u t g a s s i n g ,  
t h e  mean b a c k g r o u n d  c o u n t  was  r e c o r d e d .  B u lb s  C - 1 , 2 , 3 ?  k  
D - l , 2 , 3 j U ?  w e re  f i l l e d  w i t h  m e r c u r y  a n d  a s m a l l  c h a r g e  o f  
k r y p t o n  v\ras c o n d e n s e d  f ro m  t h e  s t o r a g e  b u l b ,  ( n o t  s h o w n ) ,  
i n t o  b u l b  F ,  w h i c h  was  im m ersed  i n  l i q u i d  n i t r o g e n .  A s lo w  
s t r e a m  o f  g a s e o u s  n i t r o g e n  b u b b l e d  t h r o u g h  t h e  l i q u i d  n i t r o g e n  
t o  p r e v e n t  s u p e r c o o l i n g .  The s a t u r a t i o n  v a p o u r  p r e s s u r e  
c o u n t  r a t e  was  t h e n  m e a s u r e d .  A s m a l l  c h a r g e  o f  k r y p t o n  
was  a d m i t t e d  t o  t h e  a p p a r a t u s  b y  l o w e r i n g  t h e  m e r c u r y  i n  b u l b s
» t
C, D,  t o  some a p p r o p r i a t e  l e v e l .  T h i s  d o s i n g  v o lu m e  was
s u c h  t h a t  0 . 0 5  . ^ 0 . 3 5 ;  ( s e e  c a l c u l a t i o n  o f  r e s u l t s ) .  Tap T
D
was c l o s e d  a n d  t h e  k r y p t o n  s a t u r a t e d  v a p o u r  p r e s s u r e  
d e t e r m i n e d  f ro m  a  m e a s u re m e n t  on a n  o x y g e n  v a p o u r  p r e s s u r e  
t h e r m o m e t e r .  The m e r c u r y  l e v e l s  i n  C T a n d  D ! w e r e  l o w e r e d  
t o  t h e  b o t t o m  g r a d u a t i o n s ,  a n d  t h e  room t e m p e r a t u r e  mean 
c o u n t  r a t e  d e t e r m i n e d .
The s a m p le  was  n e x t  s u r r o u n d e d  b y  l i q u i d  n i t r o g e n  w i t h  
a  n i t r o g e n  g a s  s t r e a m  b u b b l i n g  t h r o u g h  t o  p r e v e n t  s u p e r c o o l i n g .  
A f t e r  a  p e r i o d  o f  J  h o u r ,  e q u i l i b r i u m  was  r e a c h e d ,  a n d  t h e  
mean c o u n t  r a t e  r e c o r d e d .  B u l b s  G * - l , 2 , 3 >  and- U w e r e  f i l l e d  
w i t h  m e r c u r y ,  a n d  t h e  mean c o u n t  r a t e  o b t a i n e d  t o  g i v e  t h e  
s e c o n d  p o i n t  on t h e  a d s o r p t i o n  i s o t h e r m .  F u r t h e r  p o i n t s  on 
t h e  i s o t h e r m  w e r e  o b t a i n e d  b y  p r o g r e s s i v e l y  f i l l i n g  b u l b s  
D ’ - 1 , 2 , 3 ,  a n d  L\. w i t h  m e r c u r y ,  t o  g i v e  a  maximum o f  s i x  
e x p e r i m e n t a l  p o i n t s .
I d )  „ C a l c u l a t i o n  o f  r e s u l t s
The c o u n t  r a t e  N, c o r r e c t e d  f o r  c o u n t i n g  l o s s e s  a n d  
"background  l e v e l  i s  p r o p o r t i o n a l  t o  t h e  k r y p t o n  p r e s s u r e  P
The r e l a t i v e  p r e s s u r e  x .  = N ./N , w h e re  N.  a n d^ 0 /  s . v . p . 5 0
N a r e  c o r r e c t e d  c o u n t  r a t e s ,s . v . p .
t  T
x . ,  c o r r e c t e d  f o r  t h e r m o m ^ L e c u l a r  f l o w  g i v e s  x .  = fx_.
J  d  JI
f ,  i s  a  f u n c t i o n  o f  t h e  p r e s s u r e  a n d  d e p e n d s  on t h e
d i a m e t e r  o f  t h e  c a p i l l a r y  t u b e  H, ( 1 . 5  m m s . ) .
The vo lum e  o f  g a s  k \ v  . ( c c s . a t  N eT oP o )  a d s o r b e d  a t  a 
^  3
r e l a t i v e  p r e s s u r e  x .  i s
J
A v .  = 0.1214- J
Nt (Vi + V) -  N ^ V . + f T . V )
_ x
100 l o o
w h e re
Ni c o r r e c t e d  c o u n t  r a t e  a t  d o s i n g  a n d  room t e m p e r a t u r e  T^
= c o r r e c t e d  c o u n t  r a t e  a t  j t h  d e t e r m i n a t i o n  a t  room t e m p j h■JD
V^+V = vo lum e o f  a p p a r a t u s  a t  room t e m p ,  d o s i n g ,
V . = vo lume o f  a p p a r a t u s  im m e rsed  i n  l i q u i d  n i t r o g e n
V. = vo lum e o f  a p p a r a t u s  a t  j t h  d e t e r m i n a t i o n ,  e x c l u d i n g  V
Tn
a
= b o i l i n g  p o i n t  l i q u i d  n i t r o g e n  a t  a t m o s p h e r i c  p r e s s u r e ,
(7 8 0 )
= s a t u r a t e d  v a p o u r  p r e s s u r e  o f  k r y p t o n  a t  t e m p e r a t u r e
n o r m a l  S . V . P .
V .+ f T . V  = Vc o l £ ,  vo lum e o f  a p p a r a t u s  a t  l i q u i d  n i t r o g e n  tem ps
Tn
C a l i b r a t e d  v o l u m e s :
C,D e m p ty h o t 1 9 3 . U 9 c c s . D - l , 2 em pty c o l d - 32 .I4.5 CCS
C,D em pty c o l d 1 9 5 . 1 2 c c s . D - l  e m pty c o l d 18 o2 6 c c s
D em p ty c o l d 1 0 1 . 8 7 c c s  o a l l  f u l l c o l d 9 .OOccs
D - l , 2 , 3 em pty c o l d 83 . l4 -3ccs .
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The s u r f a c e  a r e a  S was c a l c u l a t e d  f ro m  v a l u e s  o f  
a n d  x .  b y  t h e  m e th o d  o f  B r u n a u e r ,  Emmett  an d  T e l l e r
J
u s i n g  t h e  r e l a t i o n
*n = 1 -Xd   1)
^ vd( l  ^  V 3
a n d  S = v  „NAm m
v~  o . . . 2 )
w h e r e  v m i s  t h e  m o n o l a y e r  c a p a c i t y ,  G i s  a  c o n s t a n t  w h i c h
d e p e n d s  u p o n  t h e  p a r t i c u l a r  a d s o r b a t e - a d s o r b e n t  s y s t e m ,  v  i s
t h e  volume o f  one mole  o f  k r y p t o n  a t  N . T . P . ,  N i s  A v a g a d r o * s
n u m b er  a n d  Aw i s  t h e  a r e a  o f  t h e  a d s o r b e d  k r y p t o n  m o l e c u l e ,  m
The v a l u e  o f  Affi q u o t e d  b y  B e e b e ,  B e c k w i t h  a n d  H o n i g ^ " ^  o f  
1 9 . 5  i s  u s e d .
E q u a t i o n  l )  i s  v a l i d  o v e r  t h e  r a n g e  o f  r e l a t i v e  p r e s s u r e s
0 . 0 5 < x .  ^ 0 . 3 5 »  I n  t h i s  r a n g e  o f  v a l u e s  o f  x  . ,  a  p l o t  o f  J J
X . / ^ V . ( 1 - X  ) ,  v e r s u s  x . ,  g i v e s  a  s t r a i g h t  l i n e  g r a p h  o f
J  J  J  J
s l o p e  (G - l ) /vmC, a n d  i n t e r c e p t
Thus  v  = 1
s l o p e  + i n t e r c e p t
S u b s t i t u t i n g  f o r  v  , v ,  N, a n d  Am i n  e q u a t i o n  2 ) ,
S = m e t r e s 2 ,
s l o p e  + i n t e r c e p t
The s p e c i f i c  s u r f a c e  a r e a  S ! , i s  g i v e n  b y
1 m e t r e s 2/ g r a m .
( s l o p e  + i n t e r c e p t )  x  w e i g h t
F i g . 2 
‘he A d s o r p t i c
1 J2
A *
C D
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Table 1
S t r a i n  e n e r g y  d e t e r m i n a t i o n s  f o r  a - a l n m i n a 0
a - a l u m i n a mean s t r a i n s u r f a c e e q u i v a l e n t
s t r a i n
a s
m i l l e d
e n e r g y a r e a  o f  
e q u i v a l e n t  
s t r a i n  
e n e r g y
s p h e r e
d i a m e t e r
£ x l 0 3 c a l s , / g m .
o
m / g m . X
a s  r e c e i v e d s t r a i n  f r e e .
m i l l e d  5 m i n u t e s 0 . 7 9 0 . 1 6 0 . 6 7 2 3 , 0 0 0
m i l l e d  15 m i n u t e s 0 . 8 6 0 . 1 9 0 . 7 9 1 9 , 4 0 0
m i l l e d  30 m i n u t e s 1 . 1 9 0 . 3 6 1 . 4 9 1 0 , 3 0 0
m i l l e d  1 h o u r 1 . 3 1 O.If-3 1 . 8 0 8 ,5 0 0
m i l l e d  2 h o u r s 2 . 0 5 1 . 0 5 4 . 3 9 3 , 5 0 0
m i l l e d  If. h o u r s 2 . 5 3 1 . 5 4 6 . 4 3 2 , 4 0 0
m i l l e d  6 h o u r s 3 . 0 1 2 . 2 8 9 . 5 1 1 ,6 0 0
m i l l e d  . 9 h o u r s 3 . 0 3 2 . 3 0 9 . 6 4 1 ,6 0 0
m i l l e d  12 h o u r s 3 . 0 2 2 . 2 9 9 . 5 7 1 ,6 0 0
134
Fig.3 Variation of mean strain and mean'strain 
energy with ball-milling time.
j
mean strain, § x 10
strain energy, cals/gm.2 . 0-
1 . 0-
12
Bsll-milling time, hours.
135
Table 2
S u r f a c e  e n e r g y  d e t e r m i n a t i o n s  f o r  a - a l u m i n a .
a - a l u m i n a s u r f a c e
a r e a
m2/ g m .
e q u i v a l e n t
s p h e r e
d i a m e t e r
&
s u r f a c e
e n e r g y
c a l s / g m .
a s  r e c e i v e d 0 , 5 7 2 6 ,3 0 0 0 .1 2
m i l l e d  5 m i n u t e s 0 .6 0 2 5 ,6 0 0 0 . 1 3
m i l l e d  15 m i n u t e s 0 . 6 3 2 3 ,9 0 0 0.12+
m i l l e d  30 m i n u t e s 0 . 7 6 1 9 ,9 0 0 0 . 1 7
m i l l e d  1 h o u r 0 . 8 9 1 6 ,9 0 0 0 . 1 9
m i l l e d  2 h o u r s 1 .0 6 1 4 ,2 0 0 0 . 2 3
m i l l e d  If. h o u r s 1 . 3 2 1 1 ,4 0 0 0 . 2 9
m i l l e d  6 h o u r s 1 . 5 5 9 , 7 0 0 0 .3 U
m i l l e d  9 h o u r s
■ I .8 5 8 , 2 0 0 0.2 |0
m i l l e d  12 h o u r s 2 .2 6 6 , 9 0 0 0 .k 9
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F i g . 4 V a r i a t i o n  o f  s u r f a c e  a r e a  and e q u i v a l e n t  s p h e r i c a l
p a r t i c l e  s i z e  w i t h  m i l l i n g  t i m e .
2 . 4
2 . 0
s u r f a c e  a r e a
1.6
( m e t r e s V  gm)
1 . 2
8
p a r t i c l e  s i z e  
( m i c r o n s )4
86 12 r102 4
Ball-milling time, hours.
—  *
1 37
[Cold c r u s h i n g  
s t r e n g t h s ,  t . s . i .
1400 C
V a r i a t i o n  o f  c o l d  c r u s h i n g  s t r e n g t h s  
w i t h  b a l l - m i l l i n g  t i m e  f o r  - a l u m i n a  
s i n t e r e d  t o  v a r i o u s  t e m p e r a t u r e s .
1^00  C
lGQO^C
62 104
Milling time, hours.
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S t r a i n  e n e r g y ,  s u r f a c e  e n e r g y  a n d  c r u s h i n g  s t r e n g t h  r e s u l t s , ,  j
The v a r i a t i o n s  o f  mean s t r a i n  a n d  mean s t o r e d  e n e r g y  
w i t h  h a l l - m i l l i n g  t i m e  a r e  shown i n  f i g u r e  3 .  I t  c a n  h e  
s e e n  t h a t  f o r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  u s e d ,  t h e  mean 
s t r a i n  i n c r e a s e d  f a i r l y  u n i f o r m l y  t o  a v a l u e  o f  0 . 0 0 3  a f t e r  
s i x  h o u r s  h a l l - m i l l i n g .  Prom s i x  t o  t v / e l v e  h o u r s  h a l l -  
m i l l i n g ,  s t r a i n  s a t u r a t i o n  o c c u r r e d  a n d  t h e r e  was n o  i n c r e a s e  
i n  s t r a i n .  I n  f a c t ,  a f t e r  t w e l v e  h o u r s  m i l l i n g  a s l i g h t  
d e c r e a s e  i n  s t r a i n  o c c u r r e d .  The maximum s t o r e d  e n e r g y  
c o r r e s p o n d s  t o  a v a l u e  o f  2 . 3  c a l o r i e s / g r a m .  The s u r f a c e  
a r e a  h a v i n g  e q u i v a l e n t  e n e r g y  i s  9 . 6  m e t r e s  / g r a m ,  w i t h  an  
a s s o c i a t e d  p a r t i c l e  s i z e  o f  0 . 1 5  m i c r o n s .  I t  was  p o s s i b l e  t o  
o b t a i n  g r e a t e r  s t r a i n s  i n  a l u m i n a ,  b y  u s i n g  s m a l l e r  m i l l  
c h a r g e s .  T h i s ,  h o w e v e r ,  w o u ld  h a v e  g r e a t l y  i n c r e a s e d  t h e  i
t i m e  r e q u i r e d  t o  p r o d u c e  s u f f i c i e n t  s t r a i n e d  a l u m i n a  t o  fo rm  ]
t h e  n e c e s s a r y  c o m p a c t s .
i
!
The v a r i a t i o n s  o f  s u r f a c e  a r e a  a n d  e q u i v a l e n t  p a r t i c l e  j
s i z e  w i t h  m i l l i n g  t i m e  a r e  shown i n  f i g u r e  U. Up t o  one
h o u r s  m i l l i n g ,  t h e r e  was  a r a p i d  i n i t i a l  i n c r e a s e  i n  s u r f a c e  j
2 1
a r e a  f ro m  a v a l u e  j u s t  g r e a t e r  t h a n  •§■ m e t r e  / g r a m ,  t o  |
2  ^1 m e t r e  / g r a m .  Prom one t o  t w e l v e  h o u r s  m i l l i n g ,  a u n i f o r m
h u t  s l o w e r  i n c r e a s e  i n  s u r f a c e  a r e a  o c c u r r e d ,  u l t i m a t e l y  fl
2
r e a c h i n g  a v a l u e  o f  2 ,2 6  m e t r e s  / g m . ,  e q u i v a l e n t  t o  a j:
s p h e r i c a l  p a r t i c l e  s i z e  o f  0 . 7  m i c r o n s .  T h i s  u n i f o r m  i n c r e a s e  j 
i n  s u r f a c e  a r e a  w i t h  m i l l i n g  t i m e  i s  i n  a c c o r d a n c e  w i t h  
R i t t i n g e r ’ s L a w ^ ^ ,  n a m e l y  t h a t  t h e  e n e r g y  r e q u i r e d  f o r  !:
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g r i n d i n g ,  ( m i l l i n g  t i m e ) ,  i s  p r o p o r t i o n a l  t o  t h e  n e w ly  
c r e a t e d  s u r f a c e  o f  t h e  g r o u n d  s o l i d .
The v a r i a t i o n  o f  c o l d  c r u s h i n g  s t r e n g t h s  w i t h  h a l l -
m i l l i n g  t i m e  a r e  shown i n . f i g u r e  5 . T h e s e  c u r v e s  a r e  v e r y
(
s i m i l a r  i n  s h a p e .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h e  r e l a t i v e l y  
s m a l l  s c a t t e r  o f  t h e  c r u s h i n g  s t r e n g t h  v a l u e s ,  an d  t h a t  t h e  
mean c r u s h i n g  s t r e n g t h s  o f  a l u m i n a  m i l l e d  f o r  s i x ,  n i n e  a n d  
t w e l v e  h o u r s  a r e  v e r y  s i m i l a r ,  more e s p e c i a l l y  f o r  a l u m i n a  
o f  h i g h  s t r a i n  e n e r g y  c o n t e n t .  A p l o t  o f  s t r a i n  e n e r g y ,  
s u r f a c e  e n e r g y / a n d  c r u s h i n g  s t r e n g t h s  f o r  a l u m i n a  s i n t e r e d  
t o  1300°C i s  shown i n  f i g . 6 .  As t h e  c r u s h i n g  s t r e n g t h  
c u r v e s  a r e  a l l  o f  s i m i l a r  s h a p e ,  p l o t s  s i m i l a r  t o  f i g . 6 f o r  
o t h e r  s i n t e r i n g  t e m p e r a t u r e s  a r e  n o t  shown.
I t  i s  known t h a t  a c t i v e  p o w d e r s  s i n t e r  more r e a d i l y ,
(1 3 )a n d  a t  l o w e r  t e m p e r a t u r e s ,  t h a n  n o n - a c t i v e  p o w d e r s v .
T h i s  a c t i v i t y  c o n s i s t s  o f  two p a r t s .  F i r s t l y ,  t h e  a c t i v i t y  
due t o  t h e  r e d u c t i o n  i n  p a r t i c l e  s i z e ,  a n d  c o n s e q u e n t  
i n c r e a s e  i n  s u r f a c e  a r e a ,  a n d  s e c o n d l y ,  t h e  a c t i v i t y  due t o  
t h e  d i s t o r t i o n  o f  t h e  c r y s t a l  l a t t i c e .  The d r i v i n g  e n e r g y  
f o r  s i n t e r i n g  i s  u s u a l l y  a s s u m e d  t o  h e  t h e  e x c e s s  f r e e  
e n e r g y  o f  t h e  a c t i v e  s t a t e  a h o v e  t h a t  o f  t h e  n o r m a l  
e q u i l i b r i u m  s t a t e .
From f i g u r e  6 ,  i t  c a n  h e  s e e n  t h a t  a f t e r  h a l l - m i l l i n g  
f o r  t h i r t y  m i n u t e s ,  t h e  mean s t r a i n  e n e r g y  was j u s t  g r e a t e r  
t h a n  t h e  e n e r g y  due t o  t h e  s u r f a c e  a r e a .  A f t e r  s i x  h o u r s  
h a l l - m i l l i n g  t h e  s t r a i n  e n e r g y  i n c r e a s e d  t o  a l m o s t  t h r e e
11+0
<r
t i m e s  t h e  e n e r g y  due  t o  t h e  s u r f a c e .  From s i x  t o  t w e l v e  
h o u r s  m i l l i n g  t h e r e  was v e r y  l i t t l e  c h a n g e  i n  s t r a i n  e n e r g y ,  
h u t  t h e  s u r f a c e  e n e r g y  c o n t i n u e d  t o  i n c r e a s e  a t  t h e  same 
u n i f o r m  r a t e .  The o v e r a l l  s h a p e  o f  t h e  t h r e e  c u r v e s  
i n d i c a t e s  t h a t  t h e  c r u s h i n g  s t r e n g t h  c u r v e  f o r  t h e  s t r a i n e d  
m a t e r i a l  i s  c l o s e l y  r e l a t e d  t o  t h e  s t r a i n  e n e r g y  c u r v e ,  a s  
h o t h  e v e n t u a l l y  a t t a i n  a c o n s t a n t  v a l u e .  By c o n t r a s t  t h e  
s u r f a c e  e n e r g y  i n c r e a s e d  a t  a  u n i f o r m  r a t e .  T h e se  
c o n c l u s i o n s  a r e  h o r n  o u t  f o r  a l l  c r u s h i n g  s t r e n g t h  c u r v e s ,  
e s p e c i a l l y  f o r  t h o s e  o f  h i g h  s t r a i n  e n e r g y  c o n t e n t .
A p l o t  o f  c o l d  c r u s h i n g  s t r e n g t h s  v e r s u s  s i n t e r i n g  
t e m p e r a t u r e  f o r  a l u m i n a  o f  d i f f e r e n t  s t r a i n  c o n t e n t ,  
p r o d u c e d  h y  h a l l - m i l l i n g  f o r  v a r i o u s  t i m e s ,  i s  shown i n  
f i g u r e  7c I t  c a n  h e  s e e n  t h a t  t o  p r o d u c e  a c o m p a c t  o f  a 
g i v e n  c r u s h i n g  s t r e n g t h ,  a l u m i n a  w i t h  h i g h  s t r a i n  e n e r g y  
c o n t e n t  c a n  h e  s i n t e r e d  a t  a l o w e r  t e m p e r a t u r e  t h a n  a l u m i n a  
w i t h  a low  s t r a i n  e n e r g y  c o n t e n t .  F o r  e x a m p l e ,  a l u m i n a  
w h ic h  h a s  b e e n  h a l l - m i l l e d  f o r  s i x  h o u r s ,  ( s t r a i n  e n e r g y  
c o n t e n t  2 . 3  c a l o r i e s / g r a m ) , a n d  s i n t e r e d  a t  1270°C h a s  a 
c o l d  c r u s h i n g  s t r e n g t h  o f  3 t . s . i . ;  a l u m i n a  w h i c h  h a s  h e e n  
h a l l - m i l l e d  f o r  £ an  h o u r ,  ( s t r a i n  e n e r g y  c o n t e n t  0 . 4  
c a l o r i e s / g r a m ) , r e q u i r e s  s i n t e r i n g  a t  1390°C t o  p r o d u c e  
t h e  same c r u s h i n g  s t r e n g t h  i n  t h e  same t i m e .  ^ '
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F i g . 6 C r u s h i n g  s t r e n g t h s  f o r  - a l u m i n a  o f  d i f f e r e n t  s t r a i n
an d  s u r f a c e  e n e r g i e s ,  s i n t e r e d  f o r  2'i h o u r s  a t  1 ^ 0 0 °C .
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Fig.7
Variation of cold crushing strengths with 
sintering temperature for o(, -alumina of 
different strain content, produced by 
ball-milling for various times.
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C o n c l u s i o n s
The r e s u l t s  o f  t h e  c r u s h i n g  s t r e n g t h  e x p e r i m e n t s  on 
a l u m i n a ,  s i n t e r e d  f ro m  m a t e r i a l  o f  v a r y i n g  s t r a i n  e n e r g y  
c o n t e n t s ,  i n d i c a t e d  t h a t  t h e  c r u s h i n g  s t r e n g t h  i s  r e l a t e d  
t o  t h e  s t r a i n  e n e r g y .  A f u r t h e r  c o n c l u s i o n  i s  t h a t  t o  
p r o d u c e  c o m p a c t s  o f  a g i v e n  c r u s h i n g  s t r e n g t h ,  a l u m i n a  
w i t h  a h i g h  s t r a i n  e n e r g y  c o n t e n t  c a n  he  s i n t e r e d  a t  a 
l o w e r  t e m p e r a t u r e  t h a n  a l u m i n a  w i t h  a low  s t r a i n  e n e r g y  
c o n t e n t .  I n  c e r t a i n  c a s e s  t h e  s i n t e r i n g  t e m p e r a t u r e  i s  
r e d u c e d  h y  o v e r  1 0 0 °C .
I t  i s  t h u s  shown t h a t  l a t t i c e  s t r a i n  c a n  make a n  
a p p r e c i a b l e  c o n t r i b u t i o n  t o  t h e  t o t a l  f r e e  e n e r g y ,  o r  
a c t i v i t y ,  o f  t h e  m i l l e d  p o w d e r ,  a n d  t h e  p a r t  i t  p l a y s  
s h o u l d  b e  c o n s i d e r e d  when c h a r a c t e r i z i n g  c e r a m i c  p o w d e r s  
i n  r e l a t i o n  t o  t h e i r  s i n t e r i n g  b e h a v i o u r .
The i n d u c e d  s t r a i n  e f f e c t  i s  e s p e c i a l l y  i m p o r t a n t  
when i t  i s  a p p r e c i a t e d  t h a t  a l u m i n a ,  a n d  many o t h e r  
m a t e r i a l s ,  a s  s u p p l i e d  f ro m  d i f f e r e n t  s o u r c e s ,  o f t e n  c o n t a i n  
w i d e l y  v a r y i n g  a m o u n t s  o f  s t r a i n .
T h i s  work  h a s  shown t h a t  c h a n g e  i n  p r o p e r t i e s  c a n  
o c c u r  i n  a  s t r a i n  a c t i v a t e d  c r y s t a l l i n e  m a t e r i a l .
Fig . 8 144
Alumina, ball-milled, for various times.
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Alumina ball-milled for various times
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Fig.10
Alumina ball-milled for various times.
fa
fv. d  for excess Cauchy broadening.
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Fig.11 Alumina-as received, adsorption isotherm.
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Fig.12 Alumina-milled 15 minutes, adsorption isotherm.
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Fig.13 Alumina-milled 30 minutes, adsorption isotherm.
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Fig. 14 Alumina^milled I hour, adsorption isotherm.
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Fig.15 Alumina- milled 2 hours, adsorption isotherm.
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Fig.16 Alumina- milled 4 hours, adsorption isotherm.
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Fig.17 Alumina-milled 6 hours, adsorption isotherm
r i2
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F i g . l S  A l u m i n a - m i l l e d  9 h o u r s ,  a d s o r p t i o n  i s o t h e r m
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Fig.19 Alumina-milled!2 hours, adsorption isotherm
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Fig.20 Alumina-milled 5 minutes, adsorption is
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The effect of hall-milled potassium chrornate on the solid
s t a t e  r e a c t i o n ^ ^ '  -  KgCrO^ + CrO^ = K^Cr^OY
T h i s  s e c t i o n  r e p o r t s  an  a d d i t i o n a l  a s p e c t  o f  t h e  
e n h a n c e d  r e a c t i o n  o f  a s t r a i n '  a c t i v a t e d  c r y s t a l l i n e  m a t e r i a l .  
Work i s  a t  p r e s e n t  h e i n g  p e r fo rm e d ^ " 7 0 ) on t h e  r e a c t i o n  
b e t w e e n  p o t a s s i u m  c h ro rn a te  a n d  chromium t r i o x i d e .  T h i s  i s  
a s o l i d  s t a t e  e x o t h e r m i c  r e a c t i o n ,  p r e c e d e d  b y  t h e  
e n d o t h e r m i c  f u s i o n  o f  ch rom ium  t r i o x i d e  i n  t h e  r e g i o n  o f  
2 0 0 °C ,  w i t h  t h e  s u b s e q u e n t  f o r m a t i o n  o f  p o t a s s i u m  d i c h r o r n a t e .  
I t  h a s  b e e n  f o u n d  t h a t  t h e  e x o t h e r m i c  r e a c t i o n s  p r o d u c e d  
b y  a m i l l e d  a n d  an  u n m i l l e d  s a m p le  o f  p o t a s s i u m  ch ro rn a te  
a r e  q u i t e  d i f f e r e n t .
The p o t a s s i u m  c h r o r n a t e ,  a s  s u p p l i e d ,  was i n  an  
u n s t r a i n e d  s t a t e .  Good r e s o l u t i o n  o f  t h e  Ka^ a n d  Ka^ 
d o u b l e t s  was  o b t a i n e d  f o r  low a n g l e  p e a k s .  The c h r o m a t e  
sam p le  was  b a l l - m i l l e d  f o r  1+ h o u r s  i n  a n  a g a t e  b a l l - m i l l .  
C o n s i d e r a b l e  l i n e  b r o a d e n i n g  was o b s e r v e d ,  e s p e c i a l l y  f o r  
h i g h  a n g l e  r e f l e c t i o n s .  T h i s  p r e f e r e n t i a l  h i g h  a n g l e  
b r o a d e n i n g  i s  q u a l i t a t i v e l y  i n d i c a t i v e  o f  s t r a i n .
S i m u l t a n e o u s  d i f f e r e n t i a l  t h e r m a l  a n d  t h e r m o g r a v i m e t r i c  
a n a l y s e s  w e r e  p e r fo r m e d ^ " 7^  on t h e  a b o v e  r e a c t i o n  u s i n g  
f i r s t l y  a s t r a i n e d  s am p le  o f  p o t a s s i u m  c h r o m a t e ,  a n d  
s e c o n d l y ,  an  u n s t r a i n e d  s a m p l e .  No w e i g h t  c h a n g e  was 
o b s e r v e d ,  c o n f i r m i n g  a p u r e  s o l i d  s t a t e  r e a c t i o n  w i t h  no 
g a s e o u s  c o m p o n e n t .
The e x o t h e r m s  showed a m a rk ed  d i f f e r e n c e  i n  c h a r a c t e r , 
s e e  f i g u r e  21 . The e f f e c t  o f  m i l l i n g  i s  t o  p r o d u c e  a 
v e r y  s h a r p  e x o t h e r m i c  p e a k ,  i n d i c a t i n g  a n  e x t r e m e l y  r a p i d  
r a t e  o f  r e a c t i o n .  The c h a n g e  i n  t h i s  r e a c t i o n  w o u ld  
a p p e a r  t o  'be t h e  r e s u l t  o f  t h e  e n h a n c e d  a c t i v i t y  o f  t h e  
p o t a s s i u m  c h r o m a t e  r e s u l t i n g  f ro m  t h e  s t o r e d  s t r a i n  e n e r g y .  
A m b i g u i t y  i s  i n t r o d u c e d  b y  p a r t i c l e  s i z e  c h a n g e s  a s  a 
r e s u l t  o f  m i l l i n g 5 b u t  i t  i s  f e l t  t h a t  t h i s  e f f e c t  c o u l d  
w e l l  p r o f i t  f ro m  a more  d e t a i l e d  s t u d y .
The r e a c t i o n  s t u d i e d  i s  o f  i n t e r e s t  i n  p y r o t e c h n i c s .
Fig.21
Exothermic peaks from D.T.A
measurements on the reaction
Kj Ci^  + CrO^ =■
microvolts
40 .
strain free ball-milled
baseline
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C h a p t e r  5
a )  The d e p e n d e n c e  o f  s t r a i n  on c r y s t a l l i t e  s i z e .
h )  C r y s t a l l i t e  s i z e ,  p a r t i c l e  s i z e  a n d  s u r f a c e  
a r e a  r e l a t i o n s h i p s  i n  r e f r a c t o r y  o x i d e s .
c )  The d e n s i t y  o f  t h e  h a l l  p e s t l e s  a s  a  v a r i a b l e  
i n  t h e  g r i n d i n g  p r o c e s s .
T h i s  c h a p t e r  c o n t a i n s  g r o u p e d  t o g e t h e r  some o t h e r  
o b s e r v a t i o n s  o f  r e l e v a n c e  t o  t h e  w o r k .
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a ) The d e p e n d e n c e  o f  s t r a i n  on c r y s t a l l i t e  s i z e
I t  was n o t i c e d  i n  c h a p t e r  1 t h a t  t h e  a b i l i t y  o f  a 
c r y s t a l l i t e  t o  s t o r e  s t r a i n  was d i f f e r e n t  f o r  two d i f f e r e n t  
s i z e s  o f  c r y s t a l l i t e s .  T h i s  s e c t i o n  d e s c r i b e s  an  
i n v e s t i g a t i o n  i n t o  t h i s  e f f e c t  f o r  a - a l u m i n a ,  a n d  t h o r i a .
(7 1 )Work b y  Cannon a n d  W h i t e v J on t h e  y  t o  a - a l u m i n a  
t r a n s f o r m a t i o n ,  showed t h a t  a n n e a l i n g  t r e a t m e n t s  o f  1300°C 
f o r  two h o u r s  r e s u l t e d  i n  c o m p l e t e  t r a n s f o r m a t i o n .
y - a l u m i n a ,  a s  s u p p l i e d ,  was f o u n d  t o  h a v e  a v e r y  f i n e  
p a r t i c l e  s i z e ,  a p p r o x i m a t e l y  10o£ i n  d i a m e t e r .  'A n n e a l i n g  
f o r  two h o u r s  t o  t e m p e r a t u r e s  o f  1300°C, 1350°C a n d  lLj-50°C, 
p r o d u c e d  s a m p l e s  o f  a - a l u m i n a  o f  i n c r e a s i n g  s i z e ,  r a n g i n g  
f ro m  a p p r o x i m a t e l y  500S  f o r  t h e  1300°C a n n e a l i n g  t r e a t m e n t ,  
t o  5 0 0 0 2  f o r  t h e  lL{.50OC t r e a t m e n t . F o r  t h i s  r a n g e  o f  
c r y s t a l l i t e  s i z e s ,  f i x e d  c h a r g e s  were  m i l l e d  f o r  two h o u r s  
i n  a n  a g a t e  b a l l - m i l l ,  a n d  t h e  mean i n d u c e d  s t r a i n  v a l u e s  
w e re  d e t e r m i n e d  b y  t h e  X - r a y  l i n e  b r o a d e n i n g  m e th o d .
The r e s u l t s  showed t h a t  g r e a t e r  s t r a i n ,  ( a s  m e a s u r e d  
b y  t h e  g r e a t e r  i n c r e a s e  o f  s l o p e  on (3* v e r s u s  d* p l o t s ) ,  
was s t o r e d  i n  t h e  s p e c im e n  o f  l a r g e r  c r y s t a l l i t e  s i z e ,  
s e e  f i g u r e s  1 a n d  2 .
A s i m i l a r  e x p e r i m e n t  was c a r r i e d  o u t  on t h o r i a , ' "  
s u p p l i e d  c o m m e r c i a l l y  i n  mean p a r t i c l e  s i z e s  o f  10o£, 200a , 
6 0 o £ ,  a n d  5 0 0 0 S .  R e s u l t s  s i m i l a r  t o  t h o s e  f o r  a l u m i n a  w e r e
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o b t a i n e d .  T h a t  i s ,  t h e  g r e a t e r  s t o r e d  s t r a i n ,  ( a s  m e a s u r e d
t* *
b y  t h e  i n c r e a s e  o f  s l o p e  o f  t h e  (3 v e r s u s  d p l o t s ) ,  was 
a s s o c i a t e d  w i t h  t h e  t h o r i a  o f  l a r g e r  p a r t i c l e  s i z e ,  s e e  
f i g u r e s  3 a n d  !+. A p l o t  o f  t h e  v a r i a t i o n  o f  i n d u c e d  s t r a i n  
w i t h  c r y s t a l l i t e  s i z e  i s  shown i n  f i g u r e  5* I t  c a n  b e  s e e n  
t h a t  f o r  c r y s t a l l i t e  s i z e s  b e l o w  5 0 o £ ,  l i t t l e  c h a n g e  i n  
s t r a i n  o c c u r r e d .  F o r  l a r g e r  c r y s t a l l i t e s ,  t h e  g r e a t e r  
d e g r e e  o f  s t r a i n  i s  s t o r e d  i n  t h e  m a t e r i a l  o f  l a r g e r  
c r y s t a l l i t e  s i z e .  The r e s u l t s  c a n  n o t  b e  e x t r a p o l a t e d  t o  
c r y s t a l  s i z e s  much o v e r  5 0 0 o £ ,  and  t h e s e  w i l l  b r e a k  down 
on m i l l i n g  t o  s m a l l e r  s i z e s .
B o th  s e t s  o f  r e s u l t s  s h o u l d  b e  t r e a t e d  w i t h  some c a u t i o n ,  
f o r  t h e  r e s u l t s  may b e  p a r t l y  due t o  a g g l o m e r a t i o n  e f f e c t s .  
H o w ev e r ,  t h e  r e s u l t s  o b t a i n e d ,  a l t h o u g h  o n l y  a p p l i c a b l e  
t o  t h e  g i v e n  s e t  o f  m i l l i n g  c o n d i t i o n s ,  seem t o  be  s e l f  
c o n s i s t e n t .
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Fig.l
The formation of -alumina-, .■ by annealing y'-alumina 
for two hours to the temperatures shown.
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o( **aluinina o f  v a r i o u s  c r y s t a l l i t e  s i z e s
b a l l - m i l l e d  f o r  2 h o u r s .
*• j *
» v .  cL f o r  e x c e s s  G a u s s i a n  b r o a d e n i n g .
o
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'As received' thoria, of various crystal sizes.
v .  CL for excess Gaussian broadening.
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Fig. 4
fAs received® thoria, ball-milled for 2 hours.
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V a r i a t i o n  o f  I n d u c e d  s t r a i n  w i t h  c r y s t a l l i t e  s i z e ,  f o r
a b a l l - m i l l i n g  t i m e  o f  2 h o u r s .
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t>) C r y s t a l l i t e  s i z e ,  p a r t i c l e  s i z e  a n d  s u r f a c e  a r e a
r e l a t i o n s h i p s  i n  r e f r a c t o r y  o x i d e s .
I n  many s e c t i o n s  o f  t h i s  w o r k ,  one o r  more o f  t h e  ab o v e  
p r o p e r t i e s  h a v e  b e e n  u s e d  t o  r e p r e s e n t  t h e  s i z e  o f  t h e  m i l l e d  
p a r t i c l e s .  I t  was f e l t  t h a t  i t  w o u ld  b e  p r o f i t a b l e  t o  s e e  t o  
w h a t ' e x t e n t  a g r e e m e n t  e x i s t e d  b e t? / e e n  t h e s e  q u a n t i t i e s .  
M a g n e s ia  a n d  t h o r i a  w ere  s e l e c t e d  f o r  t h i s  w o r k ,  a s  t h e y  were 
o x i d e s  f o r  'which  t h e s e  p r o p e r t i e s  w e re  r e a d i l y  m e a s u r a b l e .
M agnesium o x i d e ,  a s  s u p p l i e d  b y  B r i t i s h  D rug  H o u s e s  
L i m i t e d ,  was i n  t h e  f o rm  o f  s p h e r i c a l  p a r t i c l e s ,  a n d  was t h u s  
i d e a l l y  s u i t e d  f o r  p a r t i c l e  s i z e  m e a s u r e m e n t s  b y  e l e c t r o n  
m i c r o s c o p e  m e t h o d s .  F i g u r e  6 c )  i s  a  m i c r o g r a p h  o f  t h i s  
m a g n e s i a  pow der  w i t h  a  x 7 2 , 0 0 0  m a g n i f i c a t i o n .  P a r t i c l e s  
i n  t h e  r a n g e  I4.50S. t o  1200& d i a m e t e r  w ere  p r e s e n t .  The mean 
v a l u e  o f  t h i r t y  o f  s u c h  m e a s u r e d  p a r t i c l e s  was  750-2 .
X - r a y  l i n e  b r o a d e n i n g  m e th o d s  w ere  u s e d  t o  m e a s u re  t h e  
c r y s t a l l i t e  s i z e ,  t h i s  p r o p e r t y  b e i n g  d e t e r m i n e d  f o r  b o t h
Cauchy  an d  G a u s s i a n  p l o t s ,  f i g u r e  8 .  The mean i n t e r c e p t  on
%
t h e  (3 a x i s  o f  t h e  G a u s s i a n  p l o t  was  0 . 0 0 2 3 ?  e q u i v a l e n t  
t o  a mean c r y s t a l l i t e  s i z e  o f  14-30.2. The mean i n t e r c e p t  
011 t h e  (3 a x i s  o f  t h e  Cauchy  p l o t  was 0 .0 0 1 U ,  e q u i v a l e n t  
t o  a  mean c r y s t a l l i t e  s i z e  o f  7lo2. The a c c u r a c y  o f  t h e s e  
m e a s u r e m e n t s  d e p e n d e d  on o b t a i n i n g  an  a c c u r a t e  v a l u e  f o r  
t h e  i n s t r u m e n t a l  b r o a d e n i n g .  M a g n e s i a ,  a n n e a l e d  f o r  two 
h o u r s  a t  1600°C p r o d u c e d  v e r y  s h a r p  r e f l e c t i o n s ,  a n d  i t ' w a s  
p o s s i b l e  t o  v i s u a l l y  r e s o l v e  t h e  a n d  p e a k s  f o r  t h e
l6U
( i l l )  r e f l e c t i o n .
The s p e c i f i c  s u r f a c e  a r e a  was  d e t e r m i n e d  b y  t h e  g a s  
a d s o r p t i o n  p r o c e s s ,  a v a l u e  o f  21+.1 m e t r e s  / g r a m  b e i n g  
o b t a i n e d .  The d i a m e t e r  o f  s p h e r i c a l  p a r t i c l e s  o f  
e q u i v a l e n t  s u r f a c e  a r e a  i s  7 oo£ .
T h e r e  seem s t o  b e  good  a g r e e m e n t  b e t w e e n  t h e  mean 
p a r t i c l e  s i z e ,  750-2, a n d  t h e  e q u i v a l e n t  s p h e r e ,  7 0 o 2 ,  From 
t h e  c r y s t a l l i t e  s i z e  d e t e r m i n a t i o n s ,  i t  w o u ld  a p p e a r  t h a t  
t h e  b e s t  a g r e e m e n t  b e t w e e n  t h e s e  p r o p e r t i e s  i s  o b t a i n e d  i f  
a C au ch y  d i s t r i b u t i o n  i s  a s s u m e d .  T h i s  g i v e s  a mean 
c r y s t a l l i t e  s i z e  o f  7 l0 i2 o The c o n c l u s i o n  t o  b e  d raw n i s  
t h a t  t h e  pow der  p a r t i c l e s  a r e  i n  f a c t  s i n g l e  c r y s t a l s .
The s i z e  d e t e r m i n a t i o n  work  on t h o r i a  was s i m i l a r  t o  
t h a t  on m a g n e s i a ,  e x c e p t  t h a t  s u r f a c e  a r e a  m e a s u r e m e n t s  w e re  
n o t  p e r f o r m e d .  T h o r i a  was s u p p l i e d  b y  T h o r iu m  L i m i t e d ,  i n  
t h r e e  p a r t i c l e  s i z e  r a n g e s ,  A . (m e a n  s i z e  10o2), B . (m e a n  
s i z e  2002), C . ( m e a n  s i z e  6oo2). E l e c t r o n  m i c r o g r a p h s  o f  
t h o r i a  A a n d  t h o r i a  C a r e  shown i n  f i g u r e s  6 a ) ,  a n d  6 b ) .
The C auchy  a n d  G a u s s i a n  mean c r y s t a l l i t e  s i z e s ,  ( t a b l e  l ) ,  
w e re  d e t e r m i n e d  f ro m  th e -  r e s p e c t i v e  H a l l  p l o t s " ,  f i g u r e  1 0 .  
T h o r i a  C, a n n e a l e d  f o r  2 h o u r s  a t  l 6 0 0 ° C  was u s e d  t o  
r e p r e s e n t  t h e  i n s t r u m e n t a l  b r o a d e n i n g .  T h i s  a n n e a l i n g  
t r e a t m e n t  p r o d u c e d  w e l l  r e s o l v e d  B ra g g  r e f l e c t i o n s ,  a n d  i t  
was p o s s i b l e  t o  v i s u a l l y  r e s o l v e  t h e  a n d  d o u b l e t  f o r  
t h e  ( i l l )  r e f l e c t i o n .
Fig.6 Electron micrographs. 165
a )  T h o r i a  A, (1.00A) .
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b) Thoria C, (600A).
m a g n i f i c a t i o n  
x 1 3 0 , 0 0 0 .
m a g n i f i c a t i o n  
x  1 3 0 , 0 0 0 .
c ) 3 . D. H. Magnes i a .
magnification x 72,000.
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T a b l e  1 ,  M e a su re d  c r y s t a l l i t e  s i z e s  f o r  t h o r i a  s u p p l i e d  
i n  g r a d e d  p a r t i c l e  s i z e  r a n g e s .
G ra d e d  p a r t i c l e  s i z e s „ I n t e r c e p t . C r y s t a l  s i z e ,
T h o r i a  A - (5 0 $ ~ 1 5 0 $ )
G a u s s i a n  d i s t r i b u t i o n  0 . 0 0 9 2  110$.
C auchy  » ' 0 . 0 0 7 9  1 3 0 $
T h o r i a  B - ( 1 5 o£ - 3 0 o£ )
G a u s s i a n  d i s t r i b u t i o n .  0 . 0 0 5 0  200$
C auc hy  " 0 .0 0 3 9  260S
T h o r i a  C - ( U 0 0 $ -8 0 0 $ )
G a u s s i a n  d i s t r i b u t i o n  0 . 0 0 2 0  5 0 0 $
Cauchy  n 0 . 0 0 1 2  8 3 0 $
Once a g a i n ,  g o o d  a g r e e m e n t  was o b t a i n e d  b e t w e e n  t h e  
mean p a r t i c l e  s i z e s  a n d  t h e  mean c r y s t a l l i t e  s i z e s :  e a c h  
p a r t i c l e  a g a i n  a p p e a r s  t o  be  a  s i n g l e  c r y s t a l .
An i n t e r e s t i n g  o b s e r v a t i o n ,  i n  t e r m s  o f  p r o f i l e  
a n a l y s i s ,  was t h a t  b y  b a l l - m i l l i n g  t h e  a n n e a l e d  s p e c i m e n  C, 
i t  was  p o s s i b l e  t o  p r o d u c e  p r o f i l e s  h a v i n g  t h e  same i n t e g r a l  
b r e a d t h s  a s  s e l e c t e d  r e f l e c t i o n s  o f  t h o r i a  A a n d  B. H ow ever ,
if; ^
t h e  p v e r s u s  d p l o t s ,  ( s e e  f i g u r e  1 0 ) ,  i n d i c a t e d  t h a t  t h i s
was  due  t o  d i f f e r e n t  c a u s e s .  The b r o a d e n i n g  o f  t h i s  m i l l e d
s a m p le  was due p r e d o m i n a n t l y  t o  s t r a i n ,  ( d o t t e d  l i n e s  i n
f i g u r e  1 0 ) ,  w h i l s t  t h a t  f rom  t h o r i a  A a n d  t h o r i a  B was a l m o s t
e n t i r e l y  due t o  a s m a l l  c r y s t a l l i t e  s i z e .  As t h e  two
p r o f i l e s  c l o s e l y  r e s e m b l e d  e a c h  o t h e r ,  t h e  g e n e r a l
("72 ^c o n c l u s i o n s  o f  L e w is  a n d  P e a r s o n ^  ^ } w e re  v e r i f i e d ,  t h a t
s t r a i n  a n d  c r y s t a l  s i z e  e f f e c t s  p r o d u c e  no  o b v i o u s l y  
v i s i b l e  d i f f e r e n c e  i n  p r o f i l e  s h a p e s .
B.D.K. Magnesia 167
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Fig.9 Thoria of various crystal sizes
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Fig•10 Thoria of various crystal sizes.
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c )  The d e n s i t y  o f  t h e  h a l l  p e s t l e s  a s  a v a r i a b l e  i n
t h e  g r i n d i n g  p r o c e s s
The r e s u l t s  o f  c h a p t e r  3 showed t h a t  l a r g e  l a t t i c e  
s t r a i n s  c o u l d  h e  i n t r o d u c e d  i n  a l u m i n a ,  u s i n g  a s t e e l  m i l l  
a n d  s t e e l  g r i n d i n g  p e s t l e s .  T h e se  s t r a i n s  w e r e  g r e a t e r  
t h a n  t h o s e  p r o d u c e d  u s i n g  a n  a g a t e  m i l l .
' ( 7 3 )ZaPP h a s  shown t h a t  t h e  g r i n d i n g  e f f e c t ,  ( a s  
m e a s u r e d  'by t h e  r a t e  o f  i n c r e a s e  i n  f i n e n e s s  o f  a m a t e r i a l ) ,  
i s  c o n s i d e r a b l y  im p r o v e d  b y  t h e  u s e  o f  h i g h  d e n s i t y  g r i n d i n g  
c r e t o i d s .
The o b s e r v a t i o n s  o f  Zapp w e re  r e i n v e s t i g a t e d  f ro m  a 
c r y s t a l l o g r a p h i c  a s p e c t ,  u s i n g  b o t h  g r i n d i n g  c y l i n d e r s  a n d  
b a l l  p e s t l e s  o f  a g a t e ,  p e r s p e x ,  s t e e l  a n d  a l u m i n a ,  ( s e e  
a p p e n d i c e s ) .
F i x e d  c h a r g e s  o f  a l u m i n a  'were m i l l e d  f o r  two h o u r s  i n  
e a c h  o f  t h e  ab o v e  g r i n d i n g  c y l i n d e r s .  S t r a i n  v a l u e s  w e re  
o b t a i n e d  b y  X - r a y  l i n e  b r o a d e n i n g  m e th o d s  f o r  b o t h  G a u s s i a n  
a n d  C au ch y  e x c e s s  b r o a d e n i n g  p l o t s .  O n ly  t h e  G a u s s i a n  
p l o t s  a r e  shown,  ( f i g u r e  1 2 ) ,  t h e  C auchy  p l o t s  b e i n g  s i m i l a r  
i n  s h a p e  b u t  g i v i n g  l o w e r  i n t e r c e p t s  on t h e  (3" a x i s .
The c r y s t a l l i t e  s i z e  m e a s u r e m e n t s  f ro m  b o t h  G a u s s i a n  
a n d  C au ch y  p l o t s  show ed  t h a t  t h e  g r e a t e r  t h e  d e n s i t y  o f  t h e  
g r i n d i n g  p e s t l e s ,  t h e  h i g h e r  t h e  i n t e r c e p t  011 t h e  (3 a x i s ,  
r e s u l t i n g  i n  a  s m a l l e r  u l t i m a t e  c r y s t a l l i t e  s i z e .  T h e s e
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o b s e r v a t i o n s  c o n f i r m  Z a p p ’ s r e s u l t s .
A  r e s u l t  n o t  p r e v i o u s l y  o b s e r v e d  was  t h a t  t h e  s t r a i n s  
i n d u c e d  i n  t h e  g r i n d i n g  p r o c e s s  a l s o  b o r e  a r e l a t i o n s h i p  
t o  t h e  d e n s i t y  o f  t h e  g r i n d i n g  p e s t l e s ,  ( f i g u r e  1 3 ) .  T h e s e  
r e s u l t s  showed t h a t  t h e  g r e a t e r  t h e  d e n s i t y  o f  t h e  g r i n d i n g  
p e s t l e s ,  t h e  more s t r a i n  i n d u c e d  f o r  a  g i v e n  d e f o r m a t i o n  
t i m e ,  o t h e r  f a c t o r s  b e i n g  e q u a l .
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  h a r d  m a t e r i a l s  i n  f i n e  
pow der  f o r m ,  s u c h  a s  a l u m i n a ,  c a n  be  g r o u n d  w i t h  r e l a t i v e l y  
s o f t e r  m a t e r i a l s  l i k e  a g a t e ,  an d  e v e n  p e r s p e x .  The 
g r i n d i n g  p r o c e s s  i s  s u c h  t h a t  t h e  h a r d  a l u m i n a  p a r t i c l e s  
embed t h e m s e l v e s  i n  t h e  s o f t e r  g r i n d i n g  p e s t l e s  t o  fo rm  
a g g l o m e r a t i o n s  o v e r  t h e  s u r f a c e  o f  t h e  b a l l  p e s t l e s .
The g r i n d i n g  a c t i o n  t h u s  b e c o m e s  one i n  w h i c h  t h e  m a t e r i a l  
i s  g r o u n d  b y  i t s e l f .  The'  m i l l  w e a r  e x p e r i e n c e d  i n  su ch  
a p r o c e s s  i s  o b v i o u s l y  much g r e a t e r  t h a n  t h e  w e a r  i n  a 
m i l l  i n  w h i c h  t h e  g r o u n d  p r o d u c t  i s  s o f t e r  t h a n  t h e  
g r i n d i n g  p i e c e s .
0.015
Fig.11
Alumina, milled for 2 hours with grinding
pestles of various materials.
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D i s c u s s i o n
The e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  d u r i n g  t h i s  w ork  h a v e  
shown t h a t  X - r a y  l i n e  b r o a d e n i n g  m e th o d s  c a n  b e  u s e d  t o  
m e a s u re  t h e  d e f o r m a t i o n  i n  s m a l l  r e f r a c t o r y  o x i d e  c r y s t a l l i t e s , ; ; 
a n d  t h u s  p r o v i d e  more  i n f o r m a t i o n  a b o u t  t h e  n a t u r e  o f  t h e  
c o l d - w o r k e d  n o n - m e t a l l i c  s t a t e .  A d d i t i o n a l l y ,  i t  h a s  b e e n  f; 
shown t h a t  t h e  d e f o r m a t i o n s  i n d u c e d  i n  t h e s e  o x i d e s  c a n  h a v e  
f a r  r e a c h i n g  i n f l u e n c e s  on t h e i r  s u b s e q u e n t  b e h a v i o u r .  T h i s
r e s u l t  i s  f e l t  t o  b e  a m os t  i m p o r t a n t  c o n c l u s i o n  o f  t h i s  w o r k .  |
I
A c o n s i d e r a t i o n  o f  t h e  r e s u l t s  o b t a i n e d  h a s  l e a d  t o  a  fSi;jl;
t h e o r y  a s  t o  t h e  n a t u r e  o f  t h e  d e f o r m e d  s t a t e  i n  a b a l l -  |
m i l l e d  b r i t t l e  r e f r a c t o r y  o x i d e ,  a n d  h a s  shown t h a t  t h e  I
Id e f o r m a t i o n  b e h a v i o u r  o f  l a r g e  m a c r o s c o p i c  s i n g l e  c r y s t a l s ,  !|
■ ' j
a n d  m i c r o s c o p i c  s i n g l e  c r y s t a l s  i n  pow d er  f o r m ,  i s  n o t  t h e  j
s am e .  T h e se  i d e a s  a r e  c o n s i d e r e d  l a t e r  i n  t h i s  d i s c u s s i o n .  {
j;
The m e a s u r e d  s t o r e d  s t r a i n  e n e r g i e s  f o r  h e a v i l y  d e f o r m e d  |
I;
o x i d e s ,  ( p o s s i b l y  a s  much a s  20 c a l s / g m  f o r  m a g n e s i a ) ,  a r e
q u i t e  u n i q u e :  a c o l d - w o r k e d  m e t a l ,  f o r  e x a m p l e ,  r a r e l y  I
I
c o n t a i n s  a s  much s t o r e d  s t r a i n  e n e r g y  a s  1 c a l / g m .  F o r  s u c h  f
sa  d e f o r m e d  o x i d e ,  t h e  s t o r e d  s t r a i n  e n e r g y  i s  many t i m e s  f
g r e a t e r  t h a n  t h e  s u r f a c e  e n e r g y  o f  t h e  c r y s t a l l i t e s .  I t  h a s  j
b e e n  shown t h a t  t h i s  e n h a n c e d  a c t i v i t y  due t o  s t r a i n  e n e r g y  j
h a s  a d i r e c t  e f f e c t  on t h e  s i n t e r i n g  r e a c t i o n  i n  a l u m i n a .  j
S t r o n g  c o m p a c t s  o f  a l u m i n a  c a n  b e  p r o d u c e d  a t  lo w er  t em p­
e r a t u r e s  b y  u s i n g  s t r a i n e d  a l u m i n a  a s  t h e  s t a r t i n g  m a t e r i a l .  
S t r a i n  h a s  a l s o  b e e n  shown t o  h a v e  a n  e f f e c t  on t h e  s o l i d -
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s t a t e  r e a c t i o n  b e t w e e n  p o t a s s i u m  ch ro rn a te  a n d  chromium 
t r i o x i d e .  T h i s  l a t t e r  r e a c t i o n  o c c u r s  i n  t h e  f i e l d  o f  
p y r o t e c h n i c s , a n d  t h e  p o s s i b i l i t y  o f  an  e n h a n c e d  r e a c t i o n  
w o u ld  be  o f  g r e a t  i n t e r e s t .
O t h e r  r e a c t i o n s  w h e re  i t  i s  f e l t  t h a t  s t r a i n  e n e r g y  may 
w e l l  m o d i f y  t h e  c o u r s e  o f  t h e  r e a c t i o n  i n c l u d e  o x i d a t i o n  an d  
r e d u c t i o n  r e a c t i o n s ,  d i f f u s i o n  b a s e d  r e a c t i o n s ,  a n d  s o l i d -  
s t a t e  r e a c t i o n s .
The p r o p o s e d  n a t u r e  o f  t h e  c o l d - w o r k e d  s t a t e  i n  t h e s e  
o x i d e s  w i l l  now b e  d i s c u s s e d .
F i g u r e s  a )  an d  b ) ,  p a g e  1 7 7 ,  r e p r e s e n t  d i f f r a c t i o n  
p r o f i l e s  f o r  an  u n s t r a i n e d  an d  a s t r a i n e d  o x i d e .  F i g u r e  a ) ,  
shows t h a t  t h e  b u l k  o f  t h e  d i f f r a c t e d  i n t e n s i t y  a t  t h e  B r a g g  
a n g l e  0 i s  c o n f i n e d  w i t h i n  t h e  n a r r o w  a n g u l a r  r a n g e  A. 0 .  I n  
t h i s  c o n d i t i o n ,  t h e  a to m s  a r e  l o c a t e d  a t  o r  n e a r  t h e i r  l a t t i c e  
s i t e s ,  f i g u r e  c ) ,  a n d  s c a t t e r i n g  f ro m  t h e  e x t r a n u c l e a r  
e l e c t r o n s  p r o d u c e s  a s h a r p  d i f f r a c t i o n  p e a k .  F o r  t h e  
b r o a d e n e d  d i f f r a c t i o n  p e a k ,  f i g u r e  b ) ,  o n l y  a  s m a l l  q u a n t i t y  
o f  t h e  d i f f r a c t e d  i n t e n s i t y  i s  c o n f i n e d  w i t h i n  t h e  a n g u l a r  
r a n g e  A 0 .  The s c a t t e r i n g  e l e c t r o n s  a s s o c i a t e d  w i t h  e a c h  
l a t t i c e  s i t e  h a v e  b e e n  d i s p l a c e d  f ro m  t h i s  e q u i l i b r i u m  l a t t i c e  
s i t e .  S uch  d i s p l a c e m e n t s  h a v e  o c c u r r e d  f o r  a l a r g e  num ber  
o f  a t o m i c  s i t e s ,  f i g u r e  d ) , i n  a  c o m p l e t e l y  r a n d o m r f a s h i o n ,  
s i n c e  no o v e r a l l  c h a n g e  i n  l a t t i c e  p a r a m e t e r s  h a v e  b e e n  
o b s e r v e d .
The d e f o r m e d  s t a t e  i s  t h u s  p i c t u r e d  a s  a d i s o r d e r i n g  o f
a) Unstrained diffraction 
profile.
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b) Strained diffraction 
profile.
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t h e  l a t t i c e ,  w i t h  t h e  p o s s i b l e  f o r m a t i o n  o f  v a c a n c y  a n d  
i n t e r s t i t i a l  i o n s ,  t h e s e  m o s t  p r o b a b l y  b e i n g  t h e  s m a l l e r  
c a t i o n s .  The u l t i m a t e  i n  d i s o r d e r  w o u l d  b e  r e p r e s e n t e d  b y  
m e l t i n g ,  when a l l  s e m b la n c e  o f  l o n g  r a n g e  o r d e r  w o u ld  c e a s e  
t o  e x i s t .  Such  s t r u c t u r e s  w ou ld  p r o d u c e  d i f f u s e  low a n g l e  
s c a t t e r i n g  o f  X - r a y s .  The pow der  p h o t o g r a p h s  o f  t h e  s t r a i n e d  
o x i d e s  shown on images 99 a n d  100 show a t r a n s i t i o n  t o w a r d s  a 
d i f f u s e  s c a t t e r i n g .
A c o m p a r i s o n  b e t w e e n  t h e  s t o r e d  s t r a i n  e n e r g i e s ,  a n d  t h e  
l a t e n t  h e a t s  o f  f u s i o n ,  a s  a f u r t h e r  m e a s u r e  o f  t h e  d i s o r d e r  
a n d  d i s t o r t i o n  i n  t h e  l a t t i c e ,  shows t h a t  f o r  t h o r i a , ( l a t e n t  
h e a t  o f  f u s i o n o f  80 c a l s / g m ) ,  t h e  s t o r e d  s t r a i n  e n e r g y  
o f  1 1 . 2  c a l s / g m ,  p a g e  1 0 5 , r e p r e s e n t s  13% o f  t h i s  f u s i o n  
e n e r g y . I n  £erm s  o f  t h e  c o m p a r i s o n ,  t h i s  m us t  r e p r e s e n t  a 
c o n s i d e r a b l e  d i s t o r t i o n  o f  t h e  l a t t i c e . '  F o r  a l u m i n a , ( l a t e n t  
h e a t  of.  f u s i o n ( ^ )  2 10 c a l s / g m ) ,  t h e  s t o r e d  s t r a i n  e n e r g y
o f  1 1 . 6  c a l s / g m ,  p a g e  1 0 6 , r e p r e s e n t s  5 /  o f  t h i s  l a t e n t  h e a t  
o f  f u s i o n .  The l a t e n t  h e a t  o f  f u s i o n  f o r  m a g n e s i a , ( s t o r e d  
s t r a i n  e n e r g y  o f  20 c a l s / g m ) ,  was u n f o r t u n a t e l y  n o t  a v a i l a b l e .  
I t  may w e l l  t u r n  o u t  t h a t  a s u b s t a n t i a l  d e g r e e  o f  d i s t o r t i o n  
e x i s t s  i n  s u c h  h i g h l y  s t r a i n e d  m a g n e s i a .  I f  t h e  l a t e n t  h e a t  
o f  f u s i o n  f o r  m a g n e s i a  i s  a s  much a s  t h e  h i g h  v a l u e  o f  
80 c a l s / g m  f o r  t h o r i a ,  t h e n  t h e  s t o r e d  s t r a i n  e n e r g y  w i l l  be  
25/  o f  t h e  h e a t  o f  f u s i o n .
The d i f f e r e n c e  i n  b e h a v i o u r  o f  m a c r o s c o p i c  an d  
m i c r o s c o p i c  c r y s t a l s  w i l l  now b e  d i s c u s s e d .  T h i s  d i f f e r e n c e
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i n  ‘b e h a v i o u r  a c c o u n t s  f o r  t h e  o b s e r v e d  s t r a i n  e f f e c t s  on I
I
m i l l i n g .  ^
I t  i s  t r a d i t i o n a l l y  a c c e p t e d  t h a t  s t r a i n s  c a n  n o t  b e  
i n t r o d u c e d  i n  l a r g e  s i n g l e  c r y s t a l s  o f  b r i t t l e  m a t e r i a l s  a t  
room t e m p e r a t u r e ^ ^ .  The p l a s t i c  d e f o r m a t i o n  o f  l a r g e  s i n g l e  
c r y s t a l s  o f  a l u m i n a ,  (by  t e n s i l e  t e s t i n g ,  f o r  e x a m p l e ) ,  d o e s
f"
O "n o t  o c c u r  u n t i l  a t e m p e r a t u r e  o f  1000  C i s  r e a c h e d ,  when Ij
( 7 6 ) Ib a s a l  s l i p  o c c u r s  . At  room t e m p e r a t u r e  t h e r e  i s  no |l
p l a s t i c  r e g i o n  f o r  a l u m i n a ,  a n d  a n  i n c r e a s i n g  s t r e s s  b e y o n d  ji;
jj
t h e  e l a s t i c  r e g i o n  w i l l  c a u s e  c o m p l e t e  b r i t t l e  f r a c t u r e .  The I
I
c o n c l u s i o n s  now p u t  f o r w a r d  do n o t  r e f u t e  t h e s e  t r a d i t i o n a l  |
I
i d e a s  o f  t h e  b e h a v i o u r  o f  s i n g l e  c r y s t a l s  on t h e  m a c r o s c o p i c  jth
s c a l e ,  b u t  show t h a t  t h e  b e h a v i o u r  o f  m i c r o s c o p i c  s i n g l e  I
I
c r y s t a l s  i s  t o t a l l y  d i f f e r e n t ,  due  m a i n l y  t o  t h e  l a r g e  j
s u r f a c e  a r e a  t o  vo lum e r a t i o .  I
I
T h e r e  i s  much q u a l i t a t i v e  e v i d e n c e  t o  show t h a t  p l a s t i c  f;
( 11) ■f l o w  o c c u r s  on t h e  m i c r o s c a l e  i n  b r i t t l e  m a t e r i a l s .  T a y l o r v 'I;
p r o d u c e d  a  m i c r o g r a p h  o f  t h e  p l a s t i c  f u r r o w s  p r o d u c e d  i n  a  j
i
g l a s s  s u r f a c e  b y  d r a w i n g  a l i g h t l y  l o a d e d  d iam o n d  p o i n t  i
a c r o s s  i t ,  B ru c h e  a n d  S c h i m m e l ^ ^  d e m o n s t r a t e d  t h a t  when 
two s u c h  f u r r o w s  i n t e r s e c t ,  t h e  f i r s t  g r o o v e  i s  f i l l e d  up  b y  | 
t h e  s e c o n d  a t  t h e  i n t e r s e c t i o n ,  an e f f e c t  o n l y  p o s s i b l e  i n  j
(7 9 )  Ip l a s t i c  m a t e r i a l s .  A l s o ,  J o o s  J h a s  shown t h e  - e x i s t e n c e  f
I
o f  a  1s c r a t c h - c u r l T, f o r m e d  b y  t h e  m a t e r i a l  e j e c t e d  f ro m  s u c h  I
|
a  f u r r o w .  T h e s e  c u r l e d  s h a v i n g s  o c c u r  i n  m e t a l  w o r k i n g  b u t  { 
a r e  o n l y  f o r m e d  b y  p l a s t i c  m a t e r i a l s .  R y s h k e w i t c h ^ ^  h a s  |
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shown a m i c r o g r a p h  o f  a  t h i n  c u r l  o f  a l u m i n a ,  t h e  m a t e r i a l  
o f  t h e  c u r l  h a v i n g  u n d e r g o n e  a p e r m a n e n t  p l a s t i c  d e f o r m a t i o n  
a t  room t e m p e r a t u r e .
S i m i l a r  e f f e c t s  a r e  p r o d u c e d  b y  d iam o n d  m i c r o h a r d n e s s  
t e s t s  on b r i t t l e  b o d i e s  s u c h  a s  a l u m i n a ^ ^ ,  t h e  m a t e r i a l  
r o u n d  t h e  i n d e n t a t i o n  h a v i n g  u n d e r g o n e  p l a s t i c  d e f o r m a t i o n  
on a m i c r o s c a l e .
P e r h a p s  t h e  m os t  s i g n i f i c a n t  e v i d e n c e  o f  p l a s t i c  f l o w
/  O r> \
i n  f r e . c t u r e  i s  p r o v i d e d  b y  t h e  f r a c t u r e  e n e r g y ,  G-ilman^ 
h a s  shown e x p e r i m e n t a l l y  t h a t  i n  t r u l y  b r i t t l e  f r a c t u r e  o f  
c r y s t a l s  t h e  f r a c t u r e  e n e r g y  i s  s i m p l y  e q u a l  t o  t h e  s u r f a c e  
e n e r g y  o f  t h e  new s u r f a c e s  f o r m e d .  H ow ever ,  S h a n d ^ ^  
showed t h a t  t h e  e n e r g y  a b s o r b e d  i n  g l a s s  f r a c t u r e  i s  much 
h i g h e r  t h a n  t h e  s u r f a c e  e n e r g y ,  so g i v i n g  d i r e c t  e v i d e n c e  o f  
a n  e x t r a  d i s s i p a t i v e  t e r m  i n  t h e  e n e r g y  e q u a t i o n s .  T h i s  
i m m e d i a t e l y  s u g g e s t s  t h a t  g l a s s  f r a c t u r e  i s  n o t  t r u l y  
b r i t t l e  b u t  i n v o l v e s  p l a s t i c  w o rk .
O t h e r  e v i d e n c e  o f  p l a s t i c  d e f o r m a t i o n  o f  b r i t t l e  
s u b s t a n c e s  a t  room t e m p e r a t u r e  on t h e  m a c r o s c a l e  was  
e s t a b l i s h e d  b y  B r i d g m a n , u s i n g  h y d r o s t a t i c  p r e s s u r e s  o f  
3 0 , 0 0 0  a t m o s p h e r e s .  He showed t h a t  g l a s s  a n d  a l u m i n a  e x h i b i t  
w e l l  p r o n o u n c e d  c r e e p  p h en o m e n a ,  when p r e m a t u r e  c r a c k i n g  
i s  p r e v e n t e d  b y  s u c h  h y d r o s t a t i c  p r e s s u r e .  T h e r e —i s  t h u s  
e v i d e n c e  t o  show t h a t  p l a s t i c  d e f o r m a t i o n  i n  b r i t t l e  b o d i e s  
c a n  o c c u r  a t  room t e m p e r a t u r e s .
M a r s h ^ ^  h a s  shown t h a t  e v e r y  f r a c t u r e  i n  b r i t t l e  g l a s s
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i s  a r e s u l t  o f  m i c r o s c a l e  p l a s t i c  d e f o r m a t i o n ,  an d  t h a t  g l a s s  j 
s t r e n g t h  i s  d e p e n d e n t  on i t s  p l a s t i c i t y .  T h i s  p l a s t i c  f l o w  
on t h e  m i c r o s c a l e  e x p l a i n s  why m a t e r i a l s  s u c h  a s  g l a s s  and 
a l u m i n a  i n  m a c r o s c o p i c  f o rm  s t i l l  a p p e a r  t o  f r a c t u r e  i n  a  
c o m p l e t e l y  b r i t t l e  m a n n e r .  M a r s h ^ - ^  shows t h a t  t h i s  
p l a s t i c i t y  i s  p r o b a b l y  l i m i t e d  t o  a zone  no g r e a t e r  t h a n  i
125 2. i n  d i a m e t e r  a t  t h e  t i p  o f  a f r a c t u r e  c r a c k .  T h i s  j
p l a s t i c i t y  h o w e v e r  i s  s u f f i c i e n t  t o  e n s u r e  t h a t  t h i s  i s  
t h e  c o n t r o l l i n g  p h enom enon ,  a n d  t h a t  i t  d e t e r m i n e s  a l m o s t  !i
a l l  o f  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  b r i t t l e  m a t e r i a l s  l i k e  j
I
a l u m i n a  a n d  g l a s s .  II
*f 8 5 )  £The i d e a s  p r e s e n t e d  b y  M a rs h  1 a r e  a p p l i c a b l e  t o  t h e  I
c a s e  o f  b a l l - m i l l e d  a l u m i n a .  F o r  an  e l e m e n t a r y  q u a n t i t a t i v e
m odel  o f  b a l l - m i l l e d  a l u m i n a ,  one c a n  c o n s i d e r  e a c h  p a r t i c l e  j
a s  h a v i n g  a n  i n n e r  u n d e f o r m e d  c o r e ,  a n d  a  d e f o r m e d  o u t e r  s h e l l ;
o f  d e p t h  125-2. F o r  t h e  s m a l l  c r y s t a l l i t e s  c o n s i d e r e d  i n  t h i s  j
w o rk ,  lOOoS i n  d i a m e t e r  f o r  e x a m p l e ,  t h i s  a s s u m p t i o n  r e s u l t s  |j
i n  t h e  vo lum e o f  t h e  d e f o r m e d  o u t e r  s h e l l  b e i n g  g r e a t e r
t h a n  t h e  u n d e f o r m e d  c o r e ,  i n  t h e  r a t i o  3 : 2 .  F o r  a  p a r t i c l e
s i z e  o f  600S ,  t h e  vo lum e o f  d e f o r m e d  t o  u n d e f o r m e d  m a t e r i a l  j
i n c r e a s e s  t o  3 ” 2 .  T h u s ,  on t h i s  s i m p l e  m odel  i t  a p p e a r s  |
t h a t  a  s u b s t a n t i a l  vo lum e o f  t h e  o x i d e  i s  d e f o r m e d .  The
r e a s o n  f o r  t h i s  l a r g e  vo lum e  o f  p l a s t i c a l l y  deform ed,  m a t e r i a l
s p r i n g s  d i r e c t l y  f ro m  t h e  v e r y  l a r g e  s u r f a c e  a r e a  t o  vo lum e
r a t i o  o f  t h e  c r y s t a l s .
I t  i s  m os t  p r o b a b l e ,  h o w e v e r ,  t h a t  f o r  s u c h  s m a l l
M
. 1 8 2
|
p a r t i c l e s  a f r a c t u r e  c r a c k  p r o d u c e d  b y  ' m i l l i n g  e x t e n d s  some J 
d i s t a n c e  i n t o  t h e  i n t e r i o r  o f  t h e  p a r t i c l e .  Thus t h e  p l a s t i c  j 
z o n e s  o f  s u c h  c r a c k s  a r e  l o c a t e d  t h r o u g h o u t  t h e  b u l k  o f  t h e  
c r y s t a l .  Such  a m odel  h o w e v e r  p r e c l u d e s  a q u a n t i t a t i v e  j
e s t i m a t e  a s  t o  t h e  vo lum e o f  d e f o r m e d  m a t e r i a l ,  b u t  i t  i s  j
p r o b a b l y  i n  e x c e s s  o f  t h e  v a l u e s  m e n t i o n e d  i n  t h e  p r e v i o u s
j
p a r a g r a p h .  j
The i d e a s  p r e s e n t e d  i n  t h i s  d i s c u s s i o n  e x p l a i n  t h e  j!
u n u s u a l l y  h i g h  s t r e s s  f u n c t i o n  v a l u e s  o b t a i n e d  i n  r e f r a c t o r y  
o x i d e s ,  ( p a g e s  31? 103? a n d  101+.) • I t  h a s  b e e n  f o u n d  t h a t  t h e  |
s t r e s s  f u n c t i o n  f o r  m e t a l s  i s  o f  t h e  o r d e r  o f  t w i c e  t h e  t e n s i l e  1
(5 ^ ) *■s t r e n g t h . F o r  t h e  r e f r a c t o r y  o x i d e s  e x a m i n e d ,  i t  h a s  \
b e e n  f o u n d  t h a t  t h e  s t r e s s  f u n c t i o n  may b e  25 o r  more t i m e s  j; 
g r e a t e r  t h a n  t h e  t e n s i l e  s t r e n g t h .  Now t h e  t e n s i l e  s t r e n g t h  j
i s  t h e  s t r e n g t h  o f  a  m a c r o s c o p i c a l l y  l a r g e  c r y s t a l ,  b u t  t h e y  [
K  i!
s t r e s s  f u n c t i o n  ( s t r a i n  x Y o u n i ^ ! s m o d u l u s ) ,  i s  m e a s u r e d  f o r  jj 
m i c r o s c o p i c a l l y  s m a l l  c r y s t a l s .  On t h e  p r e v i o u s  r e a s o n i n g ,  
t h e r e  i s  no  c o r r e l a t i o n  i n  t h e  b e h a v i o u r  o f  t h e s e  two d i f f e r e n t !  
s i z e s  o f  c r y s t a l ,  a n d  one w o u ld  t h e r e f o r e  n o t  e x p e c t  t o  o b t a i n  jj 
e q u i v a l e n c e  o f  t h e  t e n s i l e  s t r e n g t h  a n d  t h e  s t r e s s  f u n c t i o n .
An i n t e r p r e t a t i o n  i n  t e r m s  o f  l i n e  d e f e c t s  h a s  n o t  b e e n  
g i v e n ,  s i n o e  t h i s  w o u ld  r e q u i r e  t o o  h i g h  a c o n c e n t r a t i o n  j
o f  s u c h  d e f e c t s  t o  e x p l a i n  t h e  h i g h l y  d e f o r m e d  s t a t e .  [
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1814-
D e f i n i t i o n  o f  L i n e  B r e a d t h .  ^
Two d e f i n i t i o n s  o f  l i n e  " b re a d th  h a v e  h e e n  w i d e l y  
u s e d  i n  p u b l i s h e d  l i t e r a t u r e .  T h e se  a r e : -
i )  t h e  h a l f  p e a k  b r e a d t h :  t h e  a n g l e  b e t w e e n  two 
p o s i t i o n s  a t  w h ic h  t h e  i n t e n s i t y  i s  one  h a l f  
t h e  p e a k  v a l u e ,  
i i )  t h e  i n t e g r a l  b r e a d t h  o r  L a ue  b r e a d t h ,  g i v e n  b y
i n t e n s i t y  i n t e g r a t e d w i t h  r e s p e c t  t o  a n g l e 0 
i n t e n s i t y  a t  p e a k
Of t h e s e  two m e t h o d s ,  t h e  h a l f  p e a k  b r e a d t h  i s  more 
e a s i l y  m e a s u r e d  i n  t h e  c a s e  o f  a n n e a l e d  s p e c i m e n s  w h e re  
l i t t l e  b r o a d e n i n g  i s  p r e s e n t  a n d  t h e  b a c k g r o u n d  l e v e l  
c a n  b e  c l e a r l y  r e s o l v e d .  P r e c i s e  d e t e r m i n a t i o n  o f  h a l f  
p e a k  b r e a d t h  b e c o m es  d i f f i c u l t  i n  t h e  c a s e  o f  b r o a d e n e d  
p r o f i l e s  w h e re  t h e  e s t i m a t i o n  o f  b a c k g r o u n d  l e v e l s  i s  
u n c e r t a i n .
The m e th o d s  o f  c o r r e c t i n g  m e a s u r e d  l i n e  p r o f i l e s  
f o r  t h e  e f f e c t s  o f  i n s t r u m e n t a l  b r o a d e n i n g  a r e  more 
r e a d i l y  a p p l i c a b l e  t o  i n t e g r a l  b r e a d t h s  w h i c h  h a v e  
t h e r e f o r e  b e e n  u s e d  t h r o u g h o u t  t h i s  w o r k .
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The H a l l  a n d  W i l l i a m s o n  M ethod  o f  P r o f i l e  A n a l y s i s .
The S c h e r r e r  f o r m u l a  r e l a t i n g  b r o a d e n i n g  t o
mean c r y s t a l l i t e  s i z e  i s :
k  X
tco s©
w h e re  8 i s  t h e  b r o a d e n i n g  d u e  t o  a s m a l l  c r y s t a l l i t e  s i z e ,
Jr
t  i s  t h e  mean c r y s t a l l i t e  d i m e n s i o n  a n d  k  i s  a c o n s t a n t  
w h i c h  v a r i e s  w i t h  t h e  p a r t i c l e  s h a p e  b u t  i s  c l o s e  t o  u n i t y *
S t o k e s  an d  W i l s o n  h a v e  shovwi t h a t  w h e r e  l i n e  
b r o a d e n i n g  i s  due t o  l a t t i c e  s t r a i n s  o n l y ,  t h e  f o l l o w i n g  
r e l a t i o n s h i p  h o l d s
(3g = 2 g  tan©
w h e re  (3g i s  t h e  b r o a d e n i n g  due  t o  s t r a i n  a l o n e ,  an d  
i s  t h e  i n t e g r a l  b r e a d t h  o f  t h e  s t r a i n  d i s t r i b u t i o n .
/  r  7  \
S m i th  a n d  S t i c k l e y ^  '  s u g g e s t e d  t h a t  i / 2 s h o u l d  h a v e  
t h e  o r d e r  o f  m a g n i t u d e  o f  t h e  t e n s i l e  s t r e n g t h  d i v i d e d  
b y  Y oung’ s m o d u lu s ,  a n d  c o n f i r m e d  t h i s  w h i l s t  w o r k i n g  on 
a - b r a s s .  I t  h a s  s u b s e q u e n t l y  b e e n  f o u n d  t o  h o l d  f o r  m e t a l s  
b y  o t h e r  w o r k e r s .
S t u d i e s  o f  p r o f i l e  s h a p e s  h a v e  shown t h a t  t h e y  l i e
* 2 2 ~ ^b e t w e e n  Cauchy  e u r v e s ,  o f  t h e  f o r m  ( l + k  x  ) ,  a n d
2 2G a u s s i a n  c u r v e s ,  o f  t h e  fo rm  exp. ( - k  x  ) .  I f  (3 r e p r e s e n t s
t h e  t o t a l  b r o a d e n i n g  due  t o  b o t h  c r y s t a l l i t e  s i z e  a n d  s t r a i n ,
a  Cauchy  c u r v e  g i v e s  t h e  r e l a t i o n s h i p  (3 = (3 + (3 w h i l s tp s
2 2 2 a  G a u s s i a n  c u r v e  g i v e s  (3 = (3 + (3 .p s
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A s su m in g  a  Cauchy  p r o f i l e  s.hape
e = < V  e s
A   + 2 ^  tan©
tcos©
o r  0 cos© = 1  + f
—i—  T  -a • 2 sin©A t  ^  ’ X
I n  t e r m s  o f  r e c i p r o c a l  s p a c e  t h i s  may h e  w r i t t e n  a s  
P* = i  + f  d*
Thus  p l o t t i n g  (3^  a g a i n s t  d* g i v e s  a n  i n t e r c e p t  o f  1 / t  
a n d  a s l o p e  e q u a l  t o  ^  .
I f  t h e  b r o a d e n i n g  f u n c t i o n s  a r e  G a u s s i a n ,  t h e  g r a p h  
i s  s l i g h t l y  c u r v e d ,  b e i n g  a s y m p t o t i c  t o  a l i n e  o f  s l o p e  ^  , 
c u r v i n g  u p w a r d s  n e a r  t h e  o r i g i n  t o  an  i n t e r c e p t  l / t .
“~2The mean s q u a r e  s t r a i n  s may b e  e s t i m a t e d  f ro m  t h e  
s l o p e  o f  t h e  l i n e  b r o a d e n i n g  a n a l y s i s ,  s i n c e
r  2= A
w here  A i s  a c o n s t a n t  d e p e n d e n t  on t h e  s t r a i n  d i s t r i b u t i o n  
a n d  o f  o r d e r  2 f o r  a  C auchy  s t r a i n  d i s t r i b u t i o n ,  a n d  1 / 2  fr' ' 
f o r  a  G a u s s i a n  d i s t r i b u t i o n .  A i s  u s u a l l y  t a k e n  a s  u n i t y  
when c o n s i d e r i n g  mean s t r a i n s .
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C o m p a r i s o n  o f  t h e  W i l l i a m s o n - H a l l „ a n d  W a r r e n - A v e r b a c h  
M ethods  o f  p r o f i l e  a n a l y s i s .
W h i l s t  b o t h  m e th o d s  assum e t h a t  l i n e  b r o a d e n i n g  
p r o d u c e d  b y  c o l d - w o r k  i s  t h e  r e s u l t  o f  l a t t i c e  s t r a i n s  
a n d  s m a l l  c r y s t a l  s i z e ,  t h e y  d i f f e r  i n  t h e i r  m e th o d s  o f  
a p p r o a c h .  The W a r r e n - A v e r b a c h  m e th o d  c o n c e n t r a t e s  on 
c h a n g e s  i n  p r o f i l e  s h a p e  w h e r e a s  t h e  W i l l i a m s o n - H a l l  
m e th o d  c o n s i d e r s  c h a n g e s  i n  i n t e g r a l  b r e a d t h s .
The r e s t r i c t e d  r a n g e  o f  p r o f i l e  s h a p e s  c o n s i d e r e d  
i n  t h e  W a r r e n - A v e r b a c h  m ethod  a r e  d e f i n e d  i n  t e r m s  o f  
a  F o u r i e r  s e r i e s ,  t h e  s p e c i m e n  b r o a d e n i n g  b e i n g  o b t a i n e d  
b y  t h e  ’u n f o l d i n g ’ p r o c e d u r e  o f  S t o k e s ^ ^ .  R a c h i n g e r ’ s 
m e th o d  o f  s e p a r a t i n g  t h e  a n d  c o m p o n e n t s  i s  a p p l i e d  
e i t h e r  p r i o r  t o  t h e  S t o k e s  c o r r e c t i o n ,  when i n t e r e s t  i s  
c e n t r e d  on s y m m e t r i c a l  l i n e  s h a p e s ,  o r  a f t e r  t h e  S t o k e s  
c o r r e c t i o n ,  when a s y m m e t r i c a l  b r o a d e n i n g  i s  c o n s i d e r e d .
The t h e o r y  o f  t h i s  m e th o d  shows t h a t  i t  i s  i n  t h e  
t a i l s  o f  t h e  p r o f i l e s  w h e re  s h a p e  c h a n g e s  s h o u l d  b e  m os t  
o b v i o u s .  I t  i s  i n  t h e  t a i l s  h o w e v e r  t h a t  p r e c i s e  
m e a s u r e m e n t s  a r e  m ost  d i f f i c u l t ,  due t o  t h e  o v e r l a p p i n g  
o f  a d j a c e n t  p r o f i l e s  a n d  t h e  g e n e r a l  i n c r e a s e  i n  
b a c k g r o u n d  l e v e l s  t h a t  i s  a s s o c i a t e d  w i t h  l i n e  b r o a d e n i n g .  
A f u r t h e r  d i s a d v a n t a g e  o f  t h e  F o u r i e r  m e th o d  i s  t h a t  f o r  
c o m p l e t e  a n a l y s i s ,  m u l t i p l e  o r d e r s  o f  r e f l e c t i o n  a r e  
r e q u i r e d ,  t h r e e  b e i n g  t h e  d e s i r a b l e  n u m b e r .  T h o r i a  w fs
t h e  o n l y  o x i d e  w i t h  t h i s  r e q u i r e d  number  o f  m u l t i p l e  o r d e r s .  
The F o u r i e r  m e th o d  i n d e e d  b ec o m e s  l e s s  u s e f u l  t h e  l o w e r  
t h e  sym m etry  o f  t h e  m a t e r i a l  e x a m i n e d .
W h e r e ■a u t o m a t i c  s t e p  s c a n n i n g  a n d  p r i n t  o u t  f a c i l i t i e s  
a r e  a v a i l a b l e ,  p u n c h e d  t a p e s  c a n  h e  f e d  t o  a c o m p u t e r  t o  
g i v e  t h e  F o u r i e r  c o e f f i c i e n t s  d i r e c t l y .  Where s u c h  
f a c i l i t i e s  a r e  n o t  a v a i l a b l e ,  a s  was t h e  c a s e  i n  t h i s  w o r k ,  
o r d i n a t e s  h a v e  t o  b e  m e a s u r e d  an d  c o e f f i c i e n t s  c o m p u te d  
for profll,, Bevets-Lipson - i W
c o n s i d e r a b l e  w o r k .
The W i l l i a m s o n - H a l l  m e thod  b y  c o n t r a s t ,  c o n s i d e r s  t h e  
w h o le  s p e c t r u m  o f  r e f l e c t i o n s ,  a n d  u t i l i s e s  v a r i a t i o n s  i n
V ' /
i n t e g r a l  b r e a d t h s  w i t h  2 F0. F o r  d e f o r m e d  s p e c i m e n s  
e x h i b i t i n g  l a r g e  a m o u n t s  o f  l i n e  b r o a d e n i n g  i t  i s  t h e  
i n t e g r a l  b r e a d t h  t h a t  c a n  be  m e a s u r e d  w i t h  m o s t  a c c u r a c y .
The W i l l i a m s o n - H a l l  m e th o d  o f  p r o f i l e  a n a l y s i s  was 
c h o s e n  f o r  t h i s  work  s i n c e  t h e  i n t e g r a l  b r e a d t h  i s  t h e  more 
a c c u r a t e l y  m e a s u r e d  q u a n t i t y  a n d  b e c a u s e  t h e  m e th o d  e n a b l e s  
maximum u s e  t o  b e  made o f  t h e  a v a i l a b l e  d a t a  w h i l s t  k e e p i n g  
c o m p u t a t i o n  w i t h i n  r e a s o n a b l e  l i m i t s .
A p u b l i c a t i o n  on l i n e  b r o a d e n i n g  i n  c a l c i u m  f l u o r i d e
s e r v e s  t o  i l l u s t r a t e  t h e  m e r i t s  a n d  l i m i t a t i o n s  o f  j t h e  two
m e t h o d s .  I t  was shown t h a t  two p r o f i l e s ,  o f  a  g i v e n  (h k £ )
v a l u e ,  c o u l d  be  p r o d u c e d ,  b o t h  o f  w h i c h  w e r e  i d e n t i c a l  i n
$ $
s h a p e  a n d  i n t e g r a l  b r e a d t h .  The (3 v e r u s  d p l o t s ,  h o w e v e r , .
show ed t h a t  i n  t h e  f i r s t  c a s e  t h e  b r o a d e n i n g  was  due t o  
s t r a i n  o n l y ,  w h e r e a s  i n  t h e  s e c o n d  c a s e  t h e  b r o a d e n i n g  was 
p r e d o m i n a n t l y  d u e  t o  a s m a l l  c r y s t a l  s i z e .  The n a t u r e  o f  
t h i s  d i f f e r e n c e  was  c l e a r l y  a p p a r e n t  when c o n s i d e r i n g  
c h a n g e s  i n  i n t e g r a l  b r e a d t h  w i t h  2 0 .
T h e s e  o b s e r v a t i o n s  h a v e  b e e n  c o n f i r m e d  i n  t h i s  p r e s e n t  
w o r k .  I t  was p o s s i b l e  t o  p r o d u c e  i d e n t i c a l  e f f e c t s  w i t h  
t h o r i a .  ( s e e  p a g e  1 6 6 ) .
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R a c h i n g e r ’ s  M ethod  f o r  t h e  S e p a r a t i o n  o f  t h e  Ka-^ a n d  Ka^
D o u b l e t .
T h i s  i s  t h e  m e th o d  w h i c h  h a s  b e e n  u s e d  f o r  t h e  
i s o l a t i o n  o f  t h e  Ka-  ^ p e a k  i n  t h e  p r e s e n t  s t u d y .
I t  d e p e n d s  on t h e  a s s u m p t i o n  o f  a 2°1  r a t i o  o f  t h e  
maximum p e a k  i n t e n s i t i e s  o f  t h e  and  p e a k s  a n d  i t  
r e q u i r e s  a k n o w le d g e  o f  t h e  2 0 s e p a r a t i o n  o f  t h e  two p e a k s .  
T h i s  c a n  e i t h e r  b e  m e a s u r e d  f ro m  a n  a n n e a l e d  s p e c i m e n  w h e r e  
t h e  d o u b l e t  s e p a r a t i o n  i s  w e l l  d e f i n e d ,  o r  i t  c a n  be  
c a l c u l a t e d  f ro m  t h e  f o r m u l a ”
A  e s i n  ( h a r ) / 2 d h k £ ) -  s i n  ( ^ a ] / 2dh k g)
I f  d i s  t h e  d o u b l e t  s e p a r a t i o n  t h e  f i r s t  s t e p  i s  t o  
d i v i d e  t h e  p r o f i l e  i n t o  s t r i p s  b y  o r d i n a t e s  whose s e p a r a t i o n  
i s  d ,  s t a r t i n g  a t  t h e  t e r m i n a t i o n  o f  t h e  Ka^ p e a k ,  m a rk e d  
b y  p o s i t i o n  ! a f i n  t h e  d i a g r a m .  From a t o  a - d  t h e  p e a k
i s  t h e  same a s  t h e  c o m b in e d  t r a c e .  By h a l v i n g  t h e  o r d i n a t e s  
b e t w e e n  a a n d  a - d  a n d  t r a n s l a t i n g  them t h r o u g h  a d i s t a n c e  d 
i n  t h e  - 2  0 d i r e c t i o n  t h e  c u r v e  i s  o b t a i n e d  f o r  a - d  a n d  
a - 2 d .  The c u r v e  i n  t h i s  r a n g e  i s  t h e n  o b t a i n e d  b y  
s u b t r a c t i o n  o f  t h e  c u r v e  f ro m  t h e  c o m p o s i t e  V a g  
c u r v e .  The p r o c e d u r e  i s  t h e n  r e p e a t e d ,  t h e  c u r v e  i n  t h e  
r a n g e  a - 2 d  t o  a - 3 d  b e i n g  o b t a i n e d  b y  h a l v i n g  t h e  o r d i n a t e s  
f ro m  a - d  t o  a - 2 d  a n d  d i s p l a c i n g  t h i s  r e d u c e d  c u r v e  b y  a 
d i s t a n c e  - d .  The p r o c e s s  i s  r e p e a t e d  i f  n e c e s s a r y  u n t i l  
t h e  c u r v e  i s  c o m p l e t e l y  r e s o l v e d .  From t h e  r e s o l v e d  
c u r v e ,  t h e  p e a k  h e i g h t  Im i s  f o u n d .
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Im
Film distance dc.
The and components may he represented respectively hy
Ia^ = f (x-d), and
where fd* is the doublet separation. i
The peak intensity of the component is Im = f(c). 
The integral breadth (3 of the a-^  curve is defined by 
(3 = Area enclosed by the a-^  curve
Peak height of the curve
P = f(x-d).dx ' - 
I."m
f(x).dx 
I.m
(3 = 2/3 (area enclosed by the composite + a2 curve).
\
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X -ra y  D i f f r a c t i o n  E qu ipm en t .
A l l  X - r a y  w o rk ,  e x c e p t  w h e re  o t h e r w i s e  s t a t e d ,  was 
p e r f o r m e d  w i t h  P h i l i p s  d i f f r a c t o m e t e r  e q u i p m e n t . T h i s  
c o n s i s t e d  o f  a P .W .1010 s t a b i l i s e d  X - r a y  g e n e r a t o r ,  a 
P .W .1050  g o n i o m e t e r  a n d  p r o p o r t i o n a l  c o u n t e r , . a n d  a 
P .W .1051 s c a l a r  a n d  r e c o r d i n g  p a n e l .  A c o p p e r  t a r g e t  s h o r t  
a n o d e  X - r a y  t u b e  was u s e d  w i t h  a s t a n d a r d  n i c k e l  f i l t e r  
l o c a t e d  b e t w e e n  t h e  c o u n t e r  t u b e  a n d  t h e  s c a t t e r  s l i t .
A t u b e  r a t i n g  o f  720 w a t t s  (36  k i l o v o l t s  a n d  20 m i l l i a m p s )  
was  u s e d  t h r o u g h o u t .  The c h a r a c t e r i s t i c s  o f  t h e  c o u n t e r  
t u b e  w ere  s u c h  t h a t  a n  S . H . T .  v o l t a g e  o f  1625 v o l t s  was 
s u f f i c i e n t  t o  a t t a i n  t h e  f l a t  p a r t  o f  t h e  p l a t e a u .
X - r a y  p r o f i l e s  w e re  r e c o r d e d  a u t o m a t i c a l l y  u s i n g  a 
r a t e  m e t e r  w i t h  a t i m e  c o n s t a n t  o f  1 s e c o n d .  I n  c e r t a i n  
c a s e s  w h e re  a n  e x c e s s i v e l y  h i g h  b a c k g r o u n d  c o u n t  o r  a b r o a d  
p e a k  was  o b t a i n e d ,  a t i m e  c o n s t a n t  o f  2 s e c o n d s  was c h o s e n .  
T h i s  2 s e c o n d s  t  ime c o n s t a n t  r e d u c e d  t h e  s c a t t e r  i n  t h e  
h i g h  a n g l e  p e a k s ,  b u t  i t  was  f e l t  t h a t  u s e d  i n  c o n j u n c t i o n  
w i t h  a  s lo w  s c a n n i n g  s p e e d  i t  was i n s u f f i c i e n t  t o  mask 
a n y  a sy m m e t ry  w h ic h  m i g h t  b e  i n t r o d u c e d  a s  a r e s u l t  o f  
t w i n n i n g  p r o c e s s e s .
I n  a l l  work  s c a n n i n g  s p e e d s  o f  1 / 8 °  p e r  m i n u t e  o r  
i A °  p e r  m i n u t e  w e re  u s e d ,  t h o u g h  f o r  a  q u i c k  s c a n  t o  
o b t a i n  t h e  pow d er  p h o t o g r a p h  e q u i v a l e n t ,  a s c a n n i n g  s p e e d  
o f  2 °  p e r  m i n u t e  was u s e d .
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To e n s u r e  t h a t  a t  l e a s t  h a l f  t h e  s p e c i m e n  s u r f a c e  
a r e a  was i r r a d i a t e d  f o r  an y  2 0 p o s i t  i o n , t h e  f o l l o w i n g  
d i v e r g e n c e ,  s c a t t e r ,  a n d  r e c e i v i n g  s l i t s  w e re  u s e d :
F l a t ,  r e c t a n g u l a r ,  s t a t i o n a r y  s p e c i m e n  h o l d e r s  (2 cm s ,
a l l  o x i d e s  w e re  s u f f i c i e n t l y  s m a l l  t o  e l i m i n a t e  a n y  p o w d e r  
p h o t o g r a p h  s p o t t i n e s s .
The d i f f r a c t o m e t e r  s p e c i m e n  h o l d e r s  w e r e  m o d i f i e d  h y  
c l o s i n g  t h e  r e a r  a p e r t u r e  w i t h  a m e t a l  p l a t e  so  t h a t  t h e  
s p e c i m e n  h o l d e r  c o u l d  he  f i l l e d  w i t h  t h e  pow der  u n d e r  s t u d y  
a n d  a  s m o o th  i n c i d e n t  s u r f a c e  p r e p a r e d  h y  p a c k i n g  w i t h  a  
m i c r o s c o p e  s l i d e .
A n g u l a r  2 0 r a n g e D i v e r g e n c e
S l i t .
R e c e i v i n g
S l i t .
S c a t t e r
S l i t .
1 5 3 . 5 °  - 8 0 ° 0 . 2  mm
80°  ~1|0° 2 o 0 . 1  mm 2 o
1 o 0 . 1  mm 1 o
x  1 cm. x  0 .1 5  c m s . )  w e re  u s e d ,  a s  t h e  c r y s t a l  s i z e s  o f
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Computation of Results.
The f o l l o w i n g  s e q u e n c e  o f  c o m p u t a t i o n  was o b s e r v e d  i n  
t h e  a n a l y s i s  o f  t h e  p r o f i l e s .  F i r s t  a sm oo th  c u r v e  was 
d raw n  h y  v i s u a l  e s t i m a t i o n  t h r o u g h  t h e  r e c o r d e d  p r o f i l e s ,  
a n d  t h e  b a c k g r o u n d  l e v e l  i n d i c a t e d  h y  a n  a s s u m e d  l i n e a r  
v a r i a t i o n  b e t w e e n  a d j a c e n t  t r o u g h s .  Where p e a k s  w e re  so  
c l o s e  t h a t  t h e r e  was  an  a p p a r e n t  o v e r l a p p i n g  o f  t h e  H a i l s 1 
o f  t h e  r e f l e c t i o n s ,  t h e  b a c k g r o u n d  was d e t e r m i n e d  h y  
a s s u m i n g  l i n e a r  v a r i a t i o n s  b e t w e e n  t r o u g h s  s e p a r a t i n g  t h e  
more w i d e l y  s p a c e d  p e a k s  where  t h e  t r u e  b a c k g r o u n d  l e v e l  
was r e a c h e d .
H a v in g  o u t l i n e d  t h e  p r o f i l e  a n d  t h e  b a c k g r o u n d ,  t h e  
f o l l o w i n g  p r o c e d u r e  was f o l l o w e d .  The i n t e g r a t e d  i n t e n s i t y  
f o r  t h e  co m b in e d  p l u s  p e a k  was  m e a s u r e d  b y  p l a n i m e t e r ,  
t h e  co m b in e d  p e a k  a r e a  b e i n g  m e a s u r e d  t h r e e  t i m e s  a n d  an  
a v e r a g e  v a l u e  t a k e n .  The i n t e g r a t e d  a r e a  o f  t h e  Ka-^ p e a k  
was t a k e n  a s  two t h i r d s  t h e  t o t a l  d o u b l e t  p e a k  a r e a  a s  
r e c o r d e d .  R a c h i n g e r * s  m e th o d  was u s e d  t o  o b t a i n  t h e  Ka-  ^
maximum p e a k  i n t e n s i t y .  D i v i d i n g  t h e  i n t e g r a t e d  i n t e n s i t y  
b y  t h e  p e a k  h e i g h t  a b o v e  t h e  b a c k g r o u n d ,  a n d  d i v i d i n g  
a g a i n  b y  a f a c t o r  d e p e n d i n g  on t h e  2 0 s c a l e ,  gave ,  t h e  v a l u e  
o f  t h e  i n t e g r a t e d  b r e a d t h .
H a v in g  o b t a i n e d  t h e  v a l u e  o f  t h e  i n t e g r a t e d - b r e a d t h ,
jj*
t h e  c a l c u l a t i o n  o f  (3* a n d  d was c a r r i e d  o u t  b y  a s t e p  
b y  s t e p  t a b u l a t i o n  p r o c e d u r e .
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E s t i m a t i o n  o f  e r r o r s
F o r  t h e  low  a n g l e  p r o f i l e s  p o l a r i s a t i o n  a n d  a b s o r p t i o n  
e r r o r s  w e r e  c a l c u l a t e d ,  b u t  a s  t h e s e  w e re  l e s s  t h a n  1% t h e y  
h a v e  b e e n  n e g l e c t e d .  The a r e a  u n d e r  e a c h  d i f f r a c t i o n  p r o f i l e  
was m e a s u r e d  t o  a n  a c c u r a c y  o f  -  1%, a n d  i n  c o m b i n a t i o n  w i t h  
t h e  m e a s u r e d  p e a k  h e i g h t s  g av e  a n  o v e r a l l  a c c u r a c y  i n  t h e  j; 
m e a s u r e d  i n t e g r a l  b r e a d t h s  o f  i  2%. T h i s  p o s s i b l e  e r r o r  i n  
l o c a t i o n  o f  p o i n t s  on a  H a l l  p l o t  i s  h o w e v e r  s m a l l e r  t h a n  t h e  
d e v i a t i o n  o f  t h e s e  p o i n t s  f r o m  t h e  mean s t r a i g h t  l i n e ,  j .
r e s u l t i n g  f ro m  a n i s o t r o p y  o f  c r y s t a l  s i z e  a n d  e l a s t i c  j
b e h a v i o u r .  The d e v i a t i o n s  o b s e r v e d ,  d ep en d  on t h e  p a r t i c u l a r  \ 
m a t e r i a l  c o n s i d e r e d ,  a n d  a r e  u s u a l l y  o f  t h e  o r d e r  o f  t e n  j
p e r c e n t ,  b u t  c a n  b e  a s  much a s  t w e n t y  p e r c e n t .  j
i
F o r  a l l  m i l l i n g  a n d  a n n e a l i n g  t r e a t m e n t s ,  t h e  i n t e g r a t e d  ! 
i n t e n s i t i e s  o f  a l l  r e f l e c t i o n s  d i d  n o t  a p p e a r  t o  c h a n g e  
b y  more t h a n  3%, a n d  e x t i n c t i o n  e f f e c t s  w e re  t h e r e f o r e  
a s su m e d  t o  b e  n e g l i g i b l e .
E s t i m a t e s  o f  t h e  a c c u r a c y  o b t a i n e d  f o r  s t r a i n
m e a s u r e m e n t s  r a r e l y  a p p e a r  i n  p u b l i s h e d  l i t e r a t u r e ,  t h e
g r e a t  m a j o r i t y  o f  a u t h o r s  u s i n g  mean s t r a i n  v a l u e s .  I t  i s
g e n e r a l l y  a c c e p t e d  t h a t  p r o f i l e  s h a p e s  l i e  somewhere  b e t w e e n
( 86 )G a u s s i a n  a n d  Cauchy  s h a p e s ,  ( M i t r a v \  f o r  e x a m p l e ) .  T h e s e  
e x t r e m e  v a l u e s  h a v e  b e e n  u s e d  f o r  a l l  w o rk ,  b u t  t h e i r  
e f f e c t  on s t r a i n  v a l u e s  d o e s  n o t  a p p e a r  t o  b e  v e r y  
d i f f e r e n t .  P a t t e r s o n , h a s  s u g g e s t e d  an  a c c u r a c y  o f  
~ 20% f o r  a b s o l u t e  s t r a i n  m e a s u r e m e n t s .  I t  i s  t h o u g h t
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t h a t  t h e  a b s o l u t e  s t r a i n  v a l u e s  i n  t h i s  p r e s e n t  w o r k ,  
m e a s u r e d  h y  m odern  d i f f r a c t o m e t r y  e q u i p m e n t ,  a r e  more 
a c c u r a t e  t h a n  t h e  v a l u e s  q u o t e d  h y  P a t t e r s o n ,  who u s e d  
l e s s  s e n s i t i v e  f i l m  m e t h o d s .  C h an g e s  i n  s t r a i n  f o r  a 
s e r i e s  o f  t r e a t m e n t s  a r e  much more a c c u r a t e ,  p o s s i b l y  t o
C r y s t a l l i t e  s i z e  m e a s u r e m e n t s  h a v e  p l a y e d  o n l y  a s m a l l  
p a r t  i n  t h i s  w o r k ,  t h e  main  i n t e r e s t  b e i n g  c e n t r e d  on t h e  
m e a s u re m e n t  o f  s t r a i n  a n d  i t s  p o s s i b l e  e f f e c t s  on a c t i v i t y .  
E s t i m a t e s  o f  c r y s t a l l i t e  s i z e ^ ^  a r e  on a f i r m e r  f o o t i n g  
t h a n  s t r a i n  d e t e r m i n a t i o n s .  H o w ever ,  t h e  g r e a t  m a j o r i t y  
o f  a c c u r a t e  s i z e ,  an d  s i z e  d i s t r i b u t i o n  s t u d i e s ,  a p p l y  t o  
c a s e s  w h e re  s t r a i n  b r o a d e n i n g  i s  c o n s i d e r e d  a  n e g l i g i b l e  
q u a n t i t y ,  t h e  r e v e r s e  o f  t h i s  p r e s e n t  s t u d y .  Thus  i n  t h e  
few c a s e s  w h e r e  c r y s t a l l i t e  s i z e  m e a s u r e m e n t s  h a v e  b e e n  
m a d e ,  mean v a l u e s  f ro m  b o t h  G -auss ian  a n d  C auchy  d i s t r i b u t i o n s  
h a v e  b e e n  u s e d .  I n  a l l  r e c e n t  l i n e  b r o a d e n i n g  s t u d i e s  o f  
t h e  p l a s t i c  d e f o r m a t i o n  o f  m e t a l s  b y  f i l i n g ,  t h e  p r o c e d u r e  
o f  u s i n g  mean c r y s t a l l i t e  s i z e s  h a s  b e e n  a d o p t e d .
Where c o n v e n i e n t ,  an  e s t i m a t i o n  o f  e r r o r s  h a s  b e e n  
i n d i c a t e d  on t h e  g r a p h s ,  ( s e e  p a g e  79  f o r  e x a m p l e ) .  As 
m o s t  o f  t h e  w ork  was c a r r i e d  o u t  on a l i m i t e d  r a n g e  o f  
m a t e r i a l s  u n d e r  c o n t r o l l e d  c o n d i t i o n s ,  t h e s e  e r r o r s  a r e  o f  
much t h e  same o r d e r  o f  m a g n i t u d e  t h r o u g h o u t  t h e  w o r k .  They 
h a v e  t h e r e f o r e  n o t  a l w a y s  b e e n  shown on g r a p h s  s h o w in g  
c o l l e c t i o n s  o f  d a t a ,  ( p a g e  88 f o r  e x a m p l e ) .
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B a l l - M i l  I s .
Two t y p e s  o f  b a l l - m i l l  w e re  u s e d  t o  p r o d u c e  t h e  
s t r a i n e d  s p e c i m e n s .
The f i r s t  o f  t h e s e  was a n  e l e c t r i c a l l y  o p e r a t e d  m u l t i p l e  
m i c r o - m i l l  p r o d u c e d  b y  A g a t e  a n d  G e n e r a l  S t o n e c u t t e r s  L t d .
The h i g h  s p e e d  v i b r a t i o n a l  m o t i o n  o f  t h i s  m i l l  was i n  a 
v e r t i c a l  d i r e c t i o n  o n l y .  The a m p l i t u d e  o f  v i b r a t i o n  was  
s m a l l ,  o f  t h e  o r d e r  o f  0 . 5  crns.
The g r i n d i n g  c y l i n d e r  was  made o f  a g a t e  (5  cms l o n g ,
2 . 2  cms i n  d i a m e t e r ) ,  a n d  t h e  t h r e e  g r i n d i n g  p e s t l e s  w ere  
s p h e r e s  o f  a g a t e ,  1 . 2  cms i n  d i a m e t e r .  T h i s  was  t h e  b a l l — 
m i l l  a n d  g r i n d i n g  c y l i n d e r  u s e d  f o r  t h e  i n i t i a l  s u r v e y  o f  
t h e  16 o x i d e s  ( s e e  i n t r o d u c t i o n )  a n d  t h e  more d e t a i l e d  
s u r v e y  o f  8 o x i d e s  ( s e e  C h a p t e r  l ) .
■ The s e c o n d  m i l l  was  a h i g h  s p e e d  g r i n d i n g  m i l l  
m a r k e t e d  b y  G-len C r e s t  on L t d .  The m a t e r i a l  t o  be  g r o u n d  
was  p l a c e d  i n  t h e  g r i n d i n g  c y l i n d e r  a n d  c l a m p e d  t o  t h e  
a d j u s t a b l e  j aw s  o f  t h e  h i g h  s p e e d  s h a k i n g  m e c h a n i s m .  T h i s  
l o a d e d  g r i n d i n g  c y l i n d e r  was s h a k e n  i n  a c o m p le x  t h r e e  
d i m e n s i o n a l  m o t i o n .  The a d j u s t a b l e  ja w s  o f  t h i s  m i l l  
made i t  v e r y  v e r s a t i l e  a n d  a n y  g r i n d i n g  c y l i n d e r  up t o  
3 l / 8 n i n  l e n g t h  a n d  2 ^ ” i n  d i a m e t e r  c o u l d  be  a cc o m m o d a te d .
G -r in d in g  c y l i n d e r s  u s e d  a t  v a r i o u s  s t a g e s  w i t h  t h i s  
s e c o n d  m i l l  w e re  made o f  s i n t e r e d  a l u m i n a ,  s t e e l ,  p e r s p e x
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a n d  a g a t e .  The a g a t e  g r i n d i n g  c y l i n d e r  u s e d  h e r e ,  was 
t h e  one p r o d u c e d  h y  A g a t e  a n d  G e n e r a l  S t o n e c u t t e r s  L i m i t e d ,  
a l t h o u g h  i n  t h i s  c a s e  o n l y  two h a l l  p e s t l e s  w e r e  u s e d .
The s t e e l  a n d  p e r s p e x  c y l i n d e r s  w ere  m a c h in e d  f ro m  s o l i d  
r o d  t o  he  r e p l i c a s  o f  t h e  a g a t e  c y l i n d e r .  I n  t h e  s t e e l  
m i l l ,  two s t e e l  h a l l  h e a r i n g s  w e r e  u s e d  a s  g r i n d i n g  
c r e t o i d s ,  w h i l s t  i n  t h e  p e r s p e x  m i l l ,  t h e  two g r i n d i n g  
s p h e r e s  w ere  made o f  p e r s p e x .  I n  b o t h  c a s e s  t h e  s i z e  o f  
t h e  s p h e r e s  was t h e  same a s  t h e  s i z e  o f  t h e  a g a t e  s p h e r e s .
The 99% s i n t e r e d  a l u m i n a  g r i n d i n g  c y l i n d e r  c o n s i s t e d  
o f  a t u b e  l | - ” i n  d i a m e t e r  a n d  2 r e m o v a b l e  a l u m i n a  en d  c a p s .  
The o v e r a l l  l e n g t h  o f  t h e  a s s e m b l e d  c y l i n d e r  was  2 i M.
O nly  one  99%> s i n t e r e d  a l u m i n a  b a l l  p e s t l e  i n  d i a m e t e r  
was u s e d  w i t h  t h i s  a l u m i n a  g r i n d i n g  c y l i n d e r .
F u r n a c e s
A n n e a l i n g  t r e a t m e n t s  w ere  c a r r i e d  o u t  u s i n g  e i t h e r  a 
c o m m e r c i a l l y  a v a i l a b l e  W i l d - B a r f i e l d  h o r i z o n t a l  t u b e  f u r n a c  
o r  a ’P y r o c o r e ’ f u r n a c e  m a r k e t e d  b y  M e t a l s  R e s e a r c h  L t d .
The W i l d - B a r f i e l d  h o r i z o n t a l  t u b e  f u r n a c e  o p e r a t e d  
a t  a maximum t e m p e r a t u r e  o f  l!| .00OC. The h e a t i n g  e l e m e n t s  
w ere  L\. s i l i c o n  c a r b i d e  r o d s  a n d  t h e  power  s u p p l y  w o r k e d  on 
t h e  s a t u r a b l e  r e a c t o r  p r i n c i p l e .  T e m p e r a t u r e s  w e re  
m e a s u r e d  u s i n g  a  p l a t i n u m  -  p l a t i n u m / r h o d i u m  t h e r m o c o u p l e .
The !P y r o c o r e T t u b e  f u r n a c e  was a v e r t i c a l l y  m o u n te d  
e l e c t r i c a l  r e s i s t a n c e  f u r n a c e .  The f u r n a c e  w i n d i n g s  w ere  
made o f  molybdenum s t r i p ,  t h e  maximum o p e r a t i n g  t e m p e r a t u r e  
b e i n g  1 8 0 0 ° C .  The o n / o f f  t e m p e r a t u r e  c o n t r o l  s y s t e m ,  made 
i n  t h e  l a b o r a t o r y ,  u t i l i s e d  a v a r i a c  a n d  s t e p - d o w n  
t r a n s f o r m e r .  The ’ P y r o c o r e *  h a d  a b u i l t  i n  t u n g s t e n  -  
t u n g s t e n / 26% r h e n i u m  t h e r m o c o u p l e ,  b u t  f o r  t e m p e r a t u r e s  
a b o v e  l 6 5 0 °C an  a d d i t i o n a l  i r i d i u m  -  i r id iu m /L j .0% r h o d iu m  
t h e r m o c o u p l e  was p l a c e d  i n s i d e  t h e  w ork  z o n e .
C r u c i b l e s  o r  b o a t s  u s e d  w i t h  t h e s e  f u r n a c e s  w e re  
p l a t i n u m  (u p  t o  li+00oC ) ,  p l a t i n u m  -  4 0% r h o d iu m  ( up  t o  
l 6 5 0 ° C ) ,  a n d  h i g h  p u r i t y  s i n t e r e d  a l u m i n a  (u p  t o  1 8 0 0 ° C ) .
A l l  a n n e a l i n g  t r e a t m e n t s  w ere  p e r f o r m e d  i n  a i r ,  t h e  
molybdenum f u r n a c e  b e i n g  u s e d  f o r  t e m p e r a t u r e s  a b o v a  
Il4-00°C.
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The F a u l k n e r  e q u a t i o n  f o r  S t o r e d  E n e r g y  d e t e r m i n e d  f ro m  t h e  
“b r o a d e n i n g  o f  X - r a y  D i f f r a c t i o n  l i n e s .
From t h e  “b r o a d e n ing: o f  an  X - r a y  d i f f r a c t i o n  p r o f i l e  i t  
i s  p o s s i b l e  t o  d e d u c e  ( \ 5 t h e  mean s q u a r e  v a r i a t i o n  i n
t h e  s e p a r a t i o n  ’ d* o f  t h e  l a t t i c e  p l a n e s  c o n t r i b u t i n g  t o  
t h e  r e f l e c t i o n .  Making c e r t a i n  a s s u m p t i o n s  t h e  s t r a i n  e n e r g y  
s t o r e d  i n  t h e  m a t e r i a l  c a n  be  c a l c u l a t e d .
Assume a n  e l a s t i c a l l y  i s o t r o p i c  m a t e r i a l  a n d  an  
i s o t r o p i c  s t r e s s  d i s t r i b u t i o n .
The s t r e s s  a t  a n y  p o i n t  i n  a c r y s t a l  may b e  s p e c i f i e d  
b y  t h e  d i r e c t i o n s  o f  t h e  p r i n c i p a l  s t r e s s  a x e s  ( x ^ y ’ ^z*)  
a n d  t h e  m a g n i t u d e s  o f  t h e  p r i n c i p a l  s t r e s s e s
^ x  ’ x 15 ^ y T y  ’ * ^  z 1 z *  ^*
2The mean s q u a r e  p r i n c i p a l  s t r e s s  f  , a n d  t h e  s t r e s s  
c o r r e l a t i o n  c o n s t a n t  C a r e  d e f i n e d  b y
x ’x* y Ty ! z ' z 1   ( l )
2f  . . f  . t + f  . Tf  t r + f  , j f  . t = 3Cf x x  y !y T y y z z z ’ z ’ x ’x 1
The c o r r e s p o n d i n g  p r i n c i p a l  s t r a i n s  a r e  g i v e n  b y  
e x p r e s s i o n s  l i k e
e z ' z '  =  ( f z ' z '  ' ^ f x ’ x '   ^ / E ’ . . . . . .  ( 2 )
w h e r e  E i s  Y o u n g f s m o d u lu s  a n d  D i s  P o i s s o n Ts r a t i o .
The q u a n t i t y  ^ d/ d  i s  e q u a l  t o  t h e  s t r a i n  c o m p o n e n t
e ,, „ w h e re  t h e  z"  a x i s  i s  t h e  d i r e c t i o n  o f  t h e  n o r m a l  z " z !?
t o  t h e  p l a n e s  c o n c e r n e d  i n  t h e  r e f l e c t i o n .  I f  ( l 9m ,n )
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a r e  t h e  d i r e c t i o n  c o s i n e s  o f  t h e  z ,f a x i s  r e l a t i v e  t o  t h e
p r i n c i p a l  s t r e s s  a x e s  a t  a n y  p o i n t ,  t h e  m e a n - s q u a r e  v a l u e  
A do f  / d  o v e r  a l l  p a r t s  o f  t h e  c r y s t a l  i s
( ^ )  = e 2 z " z "  _ ( n 2e z ' z ' + l2  ex ' x ' +m2 ey ' y '  ^ ^
Assume no  c o r r e l a t i o n  "between t h e  m a g n i t u d e s  o f  t h e
p r i n c i p a l  s t r e s s  c o m p o n e n t s  a n d  t h e  d i r e c t i o n  c o s i n e s  
o f  t h e i r  a x e s ,  a n d  f u r t h e r m o r e ,  t h a t  t h e  a x e s  a r e  
i s o t r o p i c a l l y  d i s t r i b u t e d .  T h e s e  two a s s u m p t i o n s  im p l y  a n  
i s o t r o p i c  d i s t r i b u t i o n  o f  b o t h  s t r e s s  a n d  s t r a i n .
C o m b in in g  e q u a t i o n s  ( l ) ,  ( 2 )  a n d  ( 3 ) »  a n d  u s i n g  t h i s  
a s s u m p t i o n ,
 ^9 o o n
. . .  (U)Ad r  - f 2
d  /  5E  2
The s t o r e d  e n e r g y  i s  g i v e n  b y
3-i+D +8 S) 2+2C ( 1 - 8 - 0 + 6 \ ) 2 )
^  ~ 2 ^ x ' x ^ x ' x ’ + f y , y , e y l y l ^ z '  z ^ z ' z ’ ^
V = i d  (1-2CY>) . . .  ( 5 )
The r e s u l t i n g  e x p r e s s i o n  f o r  t h e  s t o r e d  e n e r g y  i n
t e r m s  o f  t h e  mean s q u a r e  v a r i a t i o n  i n  t h e  s e p a r a t i o n  o f  t h e
l a t t i c e  p l a n e s  i s  _ „* 1-2C v
\T  -      1 - .......... -  "X  - —  .................  ■" »  "A
2 (3-4 V + 8D )+ 2C (1 - 8V+ 6v )
t
To a s s i g n  a  v a l u e  t o  t h e  c o n s t a n t  C i t  i s  n e c e s s a r y  
t o  make a  f u r t h e r  a s s u m p t i o n  a b o u t  t h e  s t r a i n  d i s t r i b u t i o n  
i n  t h e  c r y s t a l .  Of t h e  s e v e r a l  r e l a t i v e l y  s i m p l e
... 6)
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a s s u m p t i o n s  t h a t  c a n  "be m ade ,  two a r e  c o n s i d e r e d  b e l o w .
a )  The t h r e e  p r i n c i p a l  s t r e s s  c o m p o n e n t s  a r e  
i n d e p e n d e n t l y  d i s t r i b u t e d ,  so  t h a t  t h e  mean v a l u e  o f  
p r o d u c t s  s u c h  a s  ^ x !x t f y Ty ’ iS  z e r o * T h i s  c o r r e s p o n d s  
t o  C = 0 a n d  e q u a t i o n  ( 6 )  t h e n  b ec o m es
V = ------- -12L .— __ ( = Y  2 = 2 . 9 3  E ( h i  Y
2 ( 3 - k 'p + 8 'D  ) \  / \  d /
b )  Only  s h e a r  s t r e s s e s  a r e  p r e s e n t  i n  t h e  m a t e r i a l ,  
so  t h a t  a t  e v e r y  p o i n t  t h e  h y d r o s t a t i c  com ponen t
( f  . t ) i s  z e r o .  T h i s  r e s u l t s  i n  C - -  i  a n d
JL Ji. u  a  Zi Zi
15E ( A d  \  2V =  —   ! _ n a .  ; = 2 .8 1 E  , ___  ,
U ( i + V )  \  d /  \  a J  ^
A c o n s i d e r a t i o n  o f  t h e  s t r a i n  f i e l d  o f  a n  i s o l a t e d  
d i s l o c a t i o n  i n  an  i s o t r o p i c  m a t e r i a l  shows t h a t  a s s u m p t i o n  
( b )  i s  p r o b a b l y  t h e  more  r e a l i s t i c  o n e ;  h o w e v e r  f o r .  3P = 1 / 3  
( a  common v a l u e  o f  P o i s s o n ’ s r a t i o  f o r  i o n i c  m a t e r i a l s )  
t h e  n u m e r i c a l  c o e f f i c i e n t s  a r e  so  s i m i l a r  t h a t  i t  i s  
i m m a t e r i a l  w h ic h  o f  t h e  two i s  a d o p t e d .
An e a r l i e r  c a l c u l a t i o n  f o r  t h e  s t o r e d  e n e r g y  o f  a n  
’o p i c  m a t e r i a l  was p e r f o r m e '  
t h e  same a s s u m p t i o n s  a s  i n  ( 6 a )
i s o t r o p i r e d  b y  S t i b i t z ^  u s i n g
The S t i b i t z  e q u a t i o n  i s  V 3E
2(1+2V 2) V d
F o r  ) ) -  1 / 3  t h e  S t i b i t z  e q u a t i o n  y i e l d s  s t o r e d  e n e r g i e s  
1 / 2  t o  1 / 3  t h e  v a l u e  o f  t h o s e  o b t a i n e d  b y  t h e  F a u l k n e r  
e q u a t i o n .
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S t i b i t z  t r e a t e d  t h e  p r i n c i p a l  s t r a i n s  a s  t h e  c o m p o n e n t s
2o f  a  v e c t o r ,  w h ic h  l e a d  t o  t h e  r e s u l t  t h a t  e ‘ .
9 e " z m z  z
s i n c e  i n  t h i s  c a s e  a l l  s e t s  o f  a x e s  a r e  e q u i v a l e n t .  I n  
f a c t  t h e  p r i n c i p a l  a x e s  ( x ’ ^ . y ^ z ’ ) a r e  n o t  e q u i v a l e n t
t o  a n y  o t h e r  s e t  o f  a x e s  b e c a u s e  t h e y  a r e  c h o s e n  so  a s  t o
/  2 2 ±  2 make e . .=  e . .= e . »= o: t h e  q u a n t i t y  (e  + e + 2ex 1 y T y 1 z 1 z ’ x 1 9 u  ^ v xx  y y  xy
2 2 2 + e + i e  + i e  ) i s  i n v a r i a n t  u n d e r  a r o t a t i o n  o f  zz  yz  . . z x '  _______
2a x e s  so  t h a t  t h e  v a l u e  o f  e „ , ,,  w h e re  t h e  z ” a x i s  h a sz ' ' z "
no  p a r t i c u l a r  r e l a t i o n  t o  t h e  p r i n c i p a l  a x e s ,  m us t  a l w a y s  
_
b e  l e s s  t h a n  e t , •z z
T h e r e  h a s  b e e n  v e r y  l i t t l e  work  i n  w h ic h  a d i r e c t  
c o m p a r i s o n  h a s  b e e n  made b e t w e e n  c a l o r i m e t r i c a l l y  m e a s u r e d  
v a l u e s  o f  s t o r e d  e n e r g y  a n d  v a l u e s  c a l c u l a t e d  f ro m  X - r a y
/  7 0  \
l i n e  b r o a d e n i n g .  H ow ever ,  M i c h e l l  a n d  H a i g ^ J  ' made X - r a y  
a n d  c a l o r i m e t r i c  m e a s u r e m e n t s  on n i c k e l  w h ic h  h a d  b e e n  
d e f o r m e d  b y  g r i n d i n g ,  a n d  c a l c u l a t e d  v a l u e s  o f  s t o r e d  
e n e r g y  f ro m  t h e  X - r a y  o b s e r v a t i o n s .  On t h e  a s s u m p t i o n  
t h a t  t h e  s t r a i n  d i s t r i b u t i o n  f u n c t i o n  was  o f  t h e  C auchy  
t y p e  w i t h  s t r a i n  c u t - o f f  v a l u e s  o f  0 . 2 ,  a n d  u s i n g  S t i b i t z ! s 
e q u a t i o n  w i t h  V5 = 0 . 3 . 5 t h e y  o b t a i n e d  v a l u e s  o f  V w h ic h  
'were l o w e r  t h a n  t h e  c a l o r i m e t r i c a l l y  m e a s u r e d  v a l u e s  b y  
a  f a c t o r  o f  a b o u t  2 . 5 .  The u s e  o f  t h e  c o r r e c t e d  e x p r e s s i o n  
(6 b )  w o u ld  r a i s e  t h e  c a l c u l a t e d  v a l u e s  b y  a f a c t o r - o f  2 . 3  
a n d  so  g i v e  a much b e t t e r  a g r e e m e n t  b e t w e e n  t h e  two f i g u r e s .
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An X-Ray Line Broadening Study of the Introduction 
and Removal of Strain in S om e Refractory O x id es
b y  D. LEWIS a n d  M . W . LINDLEY
Th e  effect of cold work on X-ray line profiles of deformed polycrystalline metals has been extensively investigated. Variations in the profile shape are produced, and these can be 
interpreted in terms of crystal size, strain, and stacking fault 
probabilities. Little attention has been directed to the study of 
deformed nonmetallic materials by this method. Recently re­
search has been carried out in this department on the effect of 
cold work on some alkali halide compounds using the analytical 
methods previously applied to metals.1 The present study of the 
deformation of the oxides of magnesium, calcium, thorium, and 
aluminum is a further extension of this work.
Before deformation each oxide was annealed at 1350°C for 2 
hours. This produced well resolved Bragg reflections using a 
Philips diffractometer, so that as far as possible each oxide was 
in the same initial state. The oxides were then cold-worked by 
milling in an agate ball mill for 2 hours. They were then re­
annealed at 1350°C for 2 hours and studied with X  rays, when 
sharp Bragg reflections were obtained again; these were similar 
to those obtained from the original annealings, although thoria 
still retained a little strain. The ai and a.% doublet components 
of the filtered Cu K a  radiation were separated by Rachinger’s 
method, and the integral breadth, /3, for each diffraction profile 
was then obtained.
Williamson and H all2 have shown that a plot of /3* ( =  (3cosd/\) 
against d* ( =  2sin0/\) should be a straight line. The slope of 
the |3* versus d* graph for excess broadening is a function of the 
induced strain, and the intercept on the (8* axis is a measure of the 
crystal size. To obtain the excess broadening due to the speci­
men alone, a knowledge of the instrumental broadening is re­
quired. The profiles from the original annealings for 2 hours at 
1350 °C were used for this purpose.
The excess broadening of the worked specimens was calculated 
for both Cauchy and Gaussian distributions. Since it has been 
found that actual line profiles are confined within these two ex­
tremes, a mean value of the strain was calculated from these two 
distributions. This strain was plotted against the heat of forma­
tion (Fig. 1).
A 8* versus d* graph for total broadening is shown for the 
Worked specimens and for the annealed specimens (Fig. 2). 
Total broadening was used as this clearly exhibited the difference 
between the worked and the annealed states.
It was noticed during the annealing that the strained material 
tended to cake together to form a solid aggregate. The un­
strained material, although subjected to identical annealing treat­
ment, did not exhibit this caking effect, remaining a loose powder.
Observations from this study may be summarized as follows:
(1) From the /3* versus d* graphs for total broadening it is 
seen that strain can be introduced and removed in refractory
i  Received Tune 18, 1964; revised copy received September 14, 
j 1964.
j  The writers are, respectively, reader and student, Crystal­
lography Section, Battersea College of Technology, London, 
, England.
1 {a) D. Lewis and H. Pearson, “X-Ray Line Broadening in 
the Alkali Halides,” Nature, 1 9 6 , 162-64 (1962).
. (b) D. Lewis and H. Pearson, “X-Ray Line Broadening in Cal- 
cium Fluoride,” J. Appl. Phys., 35 [6] 1939-41 (1964).
2 G. K. Williamson and W. H. Hall, “X-Ray Line Broadening 
from Filed Aluminum and Tungsten,” Acta Met., 1 [1] 22-31 
(1953).
W. H. Hall, “X-Ray Line Broadening in M etals,” Proc. 
hys. Soc. {London), 6 2 A , 741-43 (1949).
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Fig. 2 . Plots o f /3* vs. d *  fo r to ta l b ro ad en in g  o f 
oxides. (A) Ball milled fo r 2 hours, an d  (B) ball milled 
fo r 2 hours and  then a n n ea le d  fo r 2 hours a t  1 3 5 0 °C .
oxides by ball-milling and annealing. Thoria retained the strain 
-more than the other three oxides. - - - — --- - —  —' -
(2) The magnitude of the strain induced is of the same order 
of magnitude as strains induced in metals by filing.3
(3) Line broadening was observed in all reflections with all 
deformed materials examined. The broadening varied for differ­
ent lines from a given material.
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(4) The strain induced for a given deformation is a function 
of the heat of formation of the oxide. It is interesting to note 
that cadmium oxide, another material being investigated, also 
follows this trend.
(5) Annealing the strained material produced a caking effect; 
this caking effect was not observed with the unstrained material.
(6) Color changes on irradiation are also affected by the strain 
in the oxides. In alumina, for example, a light straw color was 
observed on irradiation, the intensity of color increasing with 
strain removal.
(7) Ball-milling and annealing have little effect on the crystal 
size.
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STRAIN INDUCED ACTIVITY IN THORIA AND ITS RELIEF WITH TEMPERATURE
D . L EW IS and M.- W . L IN D L E Y
Crystallography Section, Battersea College of Technology, London
R eceived  3 A ugust 1965
It has recently been shown that ball-milling 
will cause strains in refractory oxides 1). These 
strains can be removed by annealing. Variations 
in the X-ray diffraction profile shapes due to 
ball-milling and annealing were observed and 
these were interpreted in terms of crystal size 
and strain effects. The theory of the method 
of analysis is given by Williamson and H a ll2), 
who have shown that a plot of /?*[ =  (/fcos0)/A, 
where is the integral breadth of the Bragg 
reflection occurring at a Bragg angle 0] against 
(£*[= (2dsin0)/A] should be a straight line. The 
slope of the /?* vs d* graph for excess broadening, 
i.e., line broadening due to the specimen alone, 
is a function of the induced strain and the 
intercept on the /?* axis is a measure of the 
crystal size.
It is known that fine grinding is one method 
of producing active solids3). This activity 
consists of two parts. Firstly, the activity due 
to the reduction in particle size and consequent 
increase in surface area and secondly, the 
activity due to the distortion of the crystal 
lattice.
The purpose of this present study was to 
assess the contribution of strain energy to the 
activity of thoria and to investigate how this 
strain is removed on annealing at various 
temperatures.
A small charge of strain-free, high purity 
thoria was ball-milled for 4 h in an agate 
grinding cylinder with agate cretoids and the 
diffraction profiles were recorded on a Philips 
diffractometer. The instrumental broadening 
was assumed to be the broadening given by the
as-received thoria after annealing at 1600° C 
for 2 h. This annealing treatment produced 
well resolved Bragg reflections, and it was 
possible visually to resolve the cx\ and ot2 
doublet for the (111) reflection. The profiles 
were analysed, the oci and a2 doublets separated 
by Rachinger’s method and the excess broaden­
ing for the milled thoria computed by sub­
tracting the instrumental broadening using both 
a Gaussian and a Cauchy distribution function 
( % •  ! ) •
The relief of the induced strain was studied 
by annealing the milled thoria for periods of 
one h at intervals of 250° C, up to 1600° C,
P '
0-016-t
0-014-
0 - 012 -
0010
0 0 0 6  -
0-004-
0 -002 -
0-2 0-4 0-6 0-8 1-0 1-2
Fig. 1. E xcess broadening for thoria ball-m illed  
for 4 h.
O -  assum ing a Gaussian profile shape.
0  -  assum ing a Cauchy profile shape.
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recording the corresponding diffraction profiles, 
and analysing these profiles. From the (3* vs d* 
plots for the excess broadening of these pro­
gressively annealed samples, mean strain values 
for Cauchy and Gaussian distributions were 
computed and averaged. The percentage reduc­
tion in strain with temperature, in terms of the 
maximum strain of the milled thoria, is shown 
in fig. 2.
X 3  100'
80-
2 60- to
§>40-
2 20 -
200 400 600 800 1000 1200 1400 1600
Temperature °C
Fig. 2. Percentage strain retained b y  m illed  sam ple  
o f thoria after annealing for one h  a t th e  tem peratures 
indicated. M ean strain  com puted from  fi*vs d*  graphs 
for excess broadening.
Strain relief characteristics: It can be seen that 
strain is removed uniformly over the tempera­
ture range 400° C to 1300° C, all strain being 
removed by 1600° C. Slight strain relief was 
detectable at the low temperature of 250° C. 
To remove half the strain, annealing for one h 
at 1000° C was necessary.
Induced strain and stored energy values: The 
mean strain induced by the deformation of 
thoria is 0.010. This is several times larger than 
the strains induced in metals by filing4). The 
resulting crystal size of the milled thoria was 
estimated to be 1000 A assuming a Cauchy 
strain distribution, but 600 A assuming a 
Gaussian strain distribution.
The stored energy was calculated using 
Faulkner’s equation 5) for the energy stored in 
an isotropic medium,
r 15 E (AD V
2(3-4>< + 8v*)\ D /  ’
where E  is an average value of Young’s modulus 
(1.5 x 1012 dyne/cm2) and v is Poisson’s ratio 
(0.27$); (AD/D)2 is the mean square strain, 
which is equal to A£2 where £ is the slope of 
the line-broadening graph and A  is a constant. 
A  is dependent on the strain distribution, but 
is usually taken as unity. Since thoria is 
elastically anisotropic, it is only possible to 
calculate approximate values of stored energy. 
The reduced equation for thoria becomes 
7  =  3 E£2.
Calculated stored energy values are shown in 
table 1. A calculation has been made to show 
the surface area that would have the same energy 
value as the stored strain energy.
The surface energy of the crystallites, cal­
culated on the assumption that they were 
spheres of surface energy 1150 erg/cm2, is shown 
in table 2.
From tables 1 and 2, it can be seen that the 
surface energy contribution to the total free 
energy probably lies in the range 1-3 cal/g, the 
lower value being associated with the Cauchy 
crystallite size and the higher value being 
associated with the Gaussian crystallite size. 
The mean strain energy contribution is 11 cal/g. 
Thus the strain energy is certainly greater than 
the surface energy, probably by a factor of 
about 10. It is interesting to note that the 
surface energy equal to this strain energy would 
be produced by a thoria powder of surface 
area 40 m2/g, which in terms of uniform 
spherical particles corresponds to a particle 
size of 150 A.
To investigate the relationship between the 
crystal size and the particle size of milled 
oxides, surface area determinations have been 
made using the BET gas adsorption method, 
isotopically labelled krypton (85Kr) being the 
adsorbed gas. The results of this work indicated 
that the X-ray line broadening “mean” crystal 
size and the BET measured “mean” particle 
size, assumed to be spherical, were very similar. 
Electron microscopy of unmilled spherical 
oxide particles also confirmed the close corre­
spondence between particle size and crystal size.
It is well known that active powders sinter
S T R A I N  I N D U C E D  A C T I V I T Y  I N  T H O R I A  
Table 1
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Mean strain  
as-m illed
Approx. strain  
energy
Surface area of 
equiv. energy  
(m2/g)
Corresponding 
crystal size
(A)(cal/g) (kcal/mol)
0.010 11 3 40 150
Table 2
D istribution
function
Measured 
crystal size
A pproxim ate 
surface area
Surface energy
(A) (m2/g) (cal/g) (kcal/mol)
Gaussian 600 10 2.7 0.7
Cauchy 1000 6 1.6 0.4
more readily and at lower temperatures, than 
non-active powders 6). The driving energy for 
sintering is usually assumed to be the excess 
free energy of the active state above that of the 
normal thermodynamical equilibrium state. It 
is thus shown that lattice strain may contribute 
appreciably to the total free energy and must 
play a significant part in the complete charac­
terisation of ceramic powders in relation to 
their sintering behaviour. Similar results to 
those obtained for thoria have also been 
observed in magnesia, alumina and other re­
fractory oxides.
The induced strain effect is especially im­
portant when it is appreciated that thoria and
other oxides, as supplied from different sources,
have been found to exist in very different
states of strain.
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ENHANCED ACTIVITY AND THE CHARACTERIZATION 
OF BALL-MILLED ALUMINA.
Do L e w is  a n d  MoW0 L i n d l e y  
C r y s t a l l o g r a p h y  S e c t i o n ,  B a t t e r s e a  C o l l e g e  o f  T e c h n o l o g y ,
L o n d o n ,  S . W . l l .  E n g l a n d .
I t  h a s  b e e n  shown"3" t h a t  s t r a i n s  c a n  he  i n t r o d u c e d
t
i n  r e f r a c t o r y  o x i d e s  b y  b a l l - m i l l i n g  a n d  t h a t  t h e s e  s t r a i n s  
c a n  b e  m e a s u r e d  b y  X - r a y  l i n e  b r o a d e n i n g  m e t h o d s .  I t  was 
a l s o  o b s e r v e d  t h a t  s t r a i n e d  m a t e r i a l  t e n d e d  t o  c a k e  a n d  
t o  f o r m  a s o l i d  a g g r e g a t e  on a n n e a l i n g .  U n s t r a i n e d  
m a t e r i a l  i d e n t i c a l l y  a n n e a l e d  d i d  n o t  c a k e .  T h i s  n o t e  
d e s c r i b e s  f u r t h e r  i n v e s t i g a t i o n s  o f  t h e  c a k i n g  o f  s t r a i n e d  
a - a l u m i n a .  A lu m in a  was  c h o s e n  f o r  s t u d y  b e c a u s e  o f  t h e  
c o m m e r c i a l  a v a i l a b i l i t y  o f  h i g h  p u r i t y  s i n t e r e d  a l u m i n a  
g r i n d i n g  c y l i n d e r s  a n d  c r e t o i d s ,  t h e r e b y  a v o i d i n g  
c o n t a m i n a t i o n  o f  t h e  m i l l e d  p r o d u c t s .
A num ber  o f  8 - g  c h a r g e s  o f  h i g h  p u r i t y  a l u m i n a  p o w d er
w e re  b a l l - m i l l e d  f o r  v a r y i n g  t i m e s  up  t o  12 h r  i n  a
s i n t e r e d  a l u m i n a  g r i n d i n g  c y l i n d e r  u s i n g  a s i n t e r e d  a l u m i n a
c r e t o i d .  S t r a i n  was m e a s u r e d  b y  X - r a y  l i n e  b r o a d e n i n g  
m e t h o d s .  Mean s t r a i n  v a l u e s  w e r e  c o m p u te d  u s i n g  b o t h
G a u s s i a n  a n d  Cauchy  e x c e s s  b r o a d e n i n g  d i s t r i b u t i o n s .
12  2A ssu m in g  a Y o u n g ! s m o d u lu s  o f  3 . 7  x 10 d y n e s / c m  , 
a p p r o x i m a t e  s t o r e d  e n e r g y  v a l u e s  f o r  t h e  m i l l e d  a l u m i n a  
w e re  c a l c u l a t e d  h y  F a u l k n e r ’ s m e th o d  ( F i g . l ) .
F o r  e a c h  s t r a i n  d e t e r m i n a t i o n  t h e  s u r f a c e  a r e a  v a l u e s
w e re  m e a s u r e d  h y  g a s  a d s o r p t i o n . , , u s i n g  t h e  s t a n d a r d  B .E .T  
8 r
m e th o d  w i t h  -^Kr a s  t h e  a d s o r b e d  g a s .  E a c h  s a m p le  was 
a n n e a l e d  u n d e r  vacuum a t  150°C f o r  2 h r  t o  e n s u r e  
e f f e c t i v e  o u t g a s s i n g .  W i th  up  t o  1 h r  m i l l i n g  t h e r e  
was a  r a p i d  i n i t i a l  b r e a k d o w n  i n  s u r f a c e  a r e a  t o  a  v a l u e  
o f  1 m / g ;  w i t h  f ro m  1 t o  12 h r  m i l l i n g ,  t h e r e  was a  
u n i f o r m  b u t  s l o w e r  i n c r e a s e  i n  s u r f a c e  a r e a ,  r e a c h i n g  a  
v a l u e  o f  2.21+ m / g .  T h i s  u n i f o r m  i n c r e a s e  w i t h  m i l l i n g  
t i m e  i s  i n  a c c o r d a n c e  w i t h  R i t t i n g e r ’ s  l a w . ^  The i n c r e a s e  
i n  s u r f a c e  e n e r g y  w i t h  m i l l i n g  t i m e  was  c o m p u te d  a s s u m i n g
2
a v a l u e  f o r  t h e  s u r f a c e  e n e r g y  o f  a l u m i n a  o f  1000  e r g s / c m  
( F i g . l ) .
S a m p le s  o f  o u t g a s s e d  a l u m i n a  pow der  o f  v a r y i n g  s t r a i n  
a n d  s u r f a c e  e n e r g y  c o n t e n t s  w e re  p r e s s e d  a t  10 t s i  t o  
fo rm  c o m p a c t s  ■§■ i n . l o n g  a n d  ^  i n .  i n  d i a m e t e r .  T h e se  
c o m p a c t s  w e r e  s i n t e r e d  f o r  2 . 5  h r  a t  1300°C a n d  t h e i r  c o l d  
c r u s h i n g  s t r e n g t h s  w e re  m e a s u r e d .  F o r  e a c h  s t r a i n  e n e r g y  
v a l u e ,  5 s p e c i m e n s  w e re  c o m p a c t e d ,  s i n t e r e d ,  a n d  c r u s h e d  
t o  o b s e r v e  t h e  s c a t t e r  o f  c o l d  c r u s h i n g  s t r e n g t h  v a l u e s .  
C r u s h i n g  s t r e n g t h s  f o r  c o m p a c t s  s i n t e r e d  i n  t h e  r a n g e  
1 0 0 0 °  t o  Il4-00°C w e r e  i n v e s t i g a t e d ,  b u t  a s  t h e  c u r v e s
w e re  s i m i l a r ,  o n l y  t h a t  f o r  s i n t e r i n g  a t  1300°C i s  
shown i n  F i g . l .  The v a r i a t i o n s  i n  c o l d  c r u s h i n g  s t r e n g t h s  
w i t h  t e m p e r a t u r e  f o r  v a r i o u s  h a l l - m i l l i n g  t i m e s  a n d  
c o r r e s p o n d i n g  s t r a i n  e n e r g i e s  a r e  shown i n  F i g . 2 .
A c t i v e  p o w d e r s  s i n t e r  more r e a d i l y  a n d  a t  l o w e r
c;
t e m p e r a t u r e s  t h a n  n o n a c t i v e  p o w d e r s  b e c a u s e  o f  g r e a t e r  
s u r f a c e  a r e a  a n d  d i s t o r t i o n  o f  t h e  c r y s t a l  l a t t i c e .
The d r i v i n g  e n e r g y  f o r  s i n t e r i n g  i s  u s u a l l y  a s s u m e d  t o  
h e  t h e  e x c e s s  f r e e  e n e r g y  o f  t h e  a c t i v e  s t a t e  ah o v e  t h a t  
o f  t h e  n o r m a l  e q u i l i b r i u m  s t a t e .
The o v e r a l l  s h a p e  o f  t h e  t h r e e  c u r v e s  ( F i g . l )  
i n d i c a t e s  t h a t  t h e  c r u s h i n g  s t r e n g t h  f o r  t h e  s t r a i n e d  
m a t e r i a l  i s  c l o s e l y  r e l a t e d  t o  t h e  s t r a i n  e n e r g y ,  s i n c e  
b o t h  e v e n t u a l l y  a t t a i n  a c o n s t a n t  v a l u e .  I n  c o n t r a s t  
t h e  s u r f a c e  e n e r g y  i n c r e a s e d  a t  a u n i f o r m  r a t e .
From t h e  c r u s h i n g  s t r e n g t h s  o f  c o m p a c t s  s i n t e r e d  
f o r  2 . 5  h r  i n  t h e  r a n g e  1 0 0 0 °  t o  1U00°C ( F i g . 2 )  i t  c a n  
b e  s e e n  t h a t  t o  p r o d u c e  a co m p ac t  o f  a  g i v e n  c r u s h i n g  
s t r e n g t h ,  a l u m i n a  w i t h  h i g h  s t r a i n  e n e r g y  c o n t e n t  c a n  b e  
s i n t e r e d  a t  a  l o w e r  t e m p e r a t u r e  t h a n  a l u m i n a  w i t h  a  low  
s t r a i n  e n e r g y  c o n t e n t .  F o r  e x a m p l e ,  a l u m i n a  b a l l - m i l l e d  
f o r  6 h r  ( s t r a i n  e n e r g y  c o n t e n t  1 . 2  c a l / g ) ,  a n d  s i n t e r e d  
a t  1270°C h a s  a c o l d  c r u s h i n g  s t r e n g t h  o f  3 t s i .  A lu m in a  
b a l l - m i l l e d  f o r  0 . 5  b r  ( s t r a i n  e n e r g y  c o n t e n t  0 . 2 0  c a l / g )
-  k  -
r e q u i r e s  s i n t e r i n g  a t  1390°C t o  p r o d u c e  t h e  same 
c r u s h i n g  s t r e n g t h  i n  t h e  same t i m e .
T h u s ,  l a t t i c e  s t r a i n  c a n  make an  a p p r e c i a b l e  
c o n t r i b u t i o n  t o  t h e  t o t a l  f r e e  e n e r g y  o f  t h e  m i l l e d  pow der  
a n d  s h o u l d  b e  c o n s i d e r e d  when c e r a m i c  p o w d e r s  a r e  
c h a r a c t e r i z e d  i n  r e l a t i o n  t o  t h e i r  s i n t e r i n g  b e h a v i o u r .
R e c e n t  work  i n  t h i s  l a b o r a t o r y  h a s  shown t h a t  s t r a i n s  
c a n  b e  o b t a i n e d  i n  a l u m i n a  r e s u l t i n g  i n  s t o r e d  e n e r g i e s  o f  
t h e  o r d e r  o f  7 c a l / g .  T h i s  v a l u e  i s  a l m o s t  6 t i m e s  t h o s e  
o b s e r v e d  i n  t h e  p r e s e n t  work  a n d  up t o  10 t i m e s  t h o s e  
i n  f i l e d  molybdenum
The i n d u c e d  s t r a i n  e f f e c t  i s  e s p e c i a l l y  i m p o r t a n t  
b e c a u s e  a l u m i n a  a n d  o t h e r  o x i d e s ,  a s  s u p p l i e d  f ro m  
d i f f e r e n t  s o u r c e s ,  h a v e  w i d e l y  v a r y i n g  s t r a i n  e n e r g y  v a l u e s .
The a u t h o r s  w i s h  t o  a c k n o w le d g e  t h e  a s s i s t a n c e  g i v e n  
b y  t h e  C e n t r a l  E l e c t r i c i t y  R e s e a r c h  L a b o r a t o r i e s  i n  m a k in g  
a v a i l a b l e  t h e i r  BoE,T„ a p p a r a t u s .
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Figure I.
Crushing strengths for<* -alumina of different strain and
surface energies,sintered for 7\ hours at I500°C
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Figure 2.
Variation of cold crushing strengths with sintering 
temperature for°<-alumina of different strain content 
produced by ball milling for various times.
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